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7Chapter 1
Introduction
8Evolution of Life and the Role of Symbioses
The famous essay “Nothing in biology makes sense except in the light of evolution”
(Dobzhansky 1973) reflects the fact that everything has evolved and nothing will remain
without change. Our Universe is more than 12 billion years old (1 billion = 109) and our solar
system, including our planet Earth were formed about 4.5 billion years before present (BP).
Life has evolved on earth about 3.8 BP, photosynthesis by cyanobacteria occurred 3.5 BP and
ancestral eukaryotes had emerged 2.8 BP (Nisbet & Sleep 2001). Understanding the processes
that lead to a biotic world with living organisms is a challenge and is thought to have involved
several major transitions (Smith & Szathmary 1995). Some of these early transitions are the
evolution of replicating molecules in compartments, the development of chromosomes and a
“universal” genetic code by which information stored on the DNA (“genes”) are translated
into proteins and enzymes. Later transitions are the evolution of eukaryotes from prokaryotes,
sexual reproduction and the appearance of multi-cellular organisms such as fungi, plants, or
animals.
For many of these steps it was necessary that different units co-operated to produce a more
complex structure. Many studies convincingly showed that cell organelles such as
mitochondria or chloroplasts which are found in animal and plant cells were formerly free
living bacteria and that became stably incorporated into eukaryotic cells; the endosymbiont
theory states that the genomes of organelles are derived from endosymbiotic eubacteria or
cyanobacteria (Gray 1992; Smith & Szathmary 1995; Palmer 2003). This is a classic example
of symbiosis which is generally defined as a close association of two different organisms.
Symbioses are almost omnipresent today and played and essential role in the evolution of
many current life forms: Corals, a symbiosis between cnidarians and green algae, build up
entire reefs; Leguminose plants form a symbiosis with rhizobial bacteria which fix large
amounts of elementary nitrogen (N2) and this is an important process for the nitrogen
acquisition in many terrestrial ecosystems; Lichens are the product of a symbiosis between
fungi and algae or cyanobacteria and are frequently found in harsh environments where both
of the two symbionts could not live on their own. These few examples illustrate cases where
both symbionts obtain a net profit and such mutually beneficial symbioses are also called
mutualisms. In contrast, another form of symbiosis is parasitism where only one symbiont
(the parasite) obtains benefits. The other symbiont (the host) is harmed and as a result
produces less offspring. Many examples of species are known to have parasites, pathogens or
agents of disease. In symbiotic relationships, there are costs and benefits for the organisms
involved and mutualisms and parasitism are just two extremes of a continuum of many
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possible interactions. Most organisms are directly or indirectly affected by symbioses and
many species are co-evolving with their symbionts.
Many terrestrial ecosystems are dominated by plants. These primary producers are often
exposed to stresses such as drought or low nutrient availability which reduce growth and
reproduction. Currently, the majority of all seed plants species form a symbiosis with soil
fungi. The fungi grow in and around the roots and some fungal species pass minerals to the
plants which can result in an improved plant nutrient uptake. The fungi frequently obtain
energy in form of sugars from the plant. Non-pathogenic fungi that form a symbiosis with
plant roots which involves an exchange of nutrients are often collectively referred to as
mycorrhizal fungi. One group of these fungal symbionts of plants, the arbuscular mycorrhizal
fungi (AMF), are in the focus of this work.
Biology of AMF
Plants colonised land during the Silurian about 425 million years ago. In fossilised roots of
Aglaophyton major, an early land plant that grew over 400 million years ago, a special fungal
structure called the arbuscule, as well as hyphae without septae have been observed (Remy et
al. 1994). These fungal structures are morphologically indistinguishable from those of current
AMF and this suggests that this form of mycorrhizal symbiosis is very old. This has also been
supported by molecular methods and it is hypothesised that AMF played a crucial role in the
colonisation of land by plants (Redecker et al. 2000). As obligate biotrophs AMF depend on
the symbiosis with plant roots which are their essential carbon and energy source to grow and
survive. In the root cortex of a host plant the fungi form arbuscules which is the place where a
bi-directional nutrient exchange between plant and fungus is thought to occur. The fungus
supplies the plant with phosphate and in return obtains photosynthates from the plant
(Harrison 1997; Smith & Read 1997; Harrison et al. 2002). Because of the improved plant
nutrient acquisition and increased growth of host plants the AMF symbiosis is generally
considered to be a mutualistic association with net benefits for both fungus and the host plant.
A simplified life-cycle of an AM fungus starts with the germination of a single spore (Fig1.1).
The germination hypha colonises a host root where it forms arbuscules in cells of the root
cortex. Once a functional symbiosis has been established the fungus starts producing new
hyphae which grow inside and out of the root. As the hyphal mycelium grows larger, the
surrounding soil and possibly other plant roots get colonised and a large hyphal network is
formed. At the end of hyphal tips new spores are formed; they can serve as resting stages and
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units of dispersal (Mangan & Adler 2002). AM fungi can also regrow from hyphae and
colonised root segments (Klironomos & Hart 2002). In this work, an AMF culture that has
been started by one single spore is referred to as a single spore isolate or often just an isolate
or an individual.
Fig. 1.1 Life cycle of AMF.
The hyphae of AMF individuals are generally not regularly septate; a morphological feature
that distinguishes AMF from Basidio- and Ascomycete fungi. Another characteristic of AMF
is that different hyphal tips of the same single spore isolate can anastomose (fuse) and build
up new cytoplasmic connections (Giovannetti et al. 1999; Giovannetti et al. 2001). The
process of anastomoses also plays an important part in the healing of severed hyphae and thus
in the physiological integration of the individual (de la Providencia et al. 2005). By means of
anastomoses an AMF individual can build up a large and highly interconnected mycelium and
such networks can directly connect roots of different plant species (Giovannetti et al. 2004).
Ecological Aspects of the AMF-Plant Symbiosis
Occurring in soils of most terrestrial ecosystems AMF are widespread, in terms of their
ecological niches, abundant and can simultaneously form the symbioses with many plant
Chapter 1 Introduction
11
hosts of different species. In light of their long evolutionary history and their presence in
many different environments it is surprising that only about 200 morphologically distinct
AMF species are currently known because other younger taxa (e.g. basidiomycetes or
mammals) evolved thousands of different species in roughly half of the same time period.
Most AMF species can colonise the roots of many different plant species. The wide host
range of the fungi and their ability to grow in many different environments are why AMF are
usually considered “generalists” with a low host specificity (Smith & Read 1997). However,
different plant species harbour different AMF communities in their roots indicating that at
least in some cases there exists some host specificity or preference (Vandenkoornhuyse et al.
2002; Vandenkoornhuyse et al. 2003; Scheublin et al. 2004).
AMF not only improve growth and phosphorous acquisition of plants but also pass nitrogen to
their hosts and altered uptake of various other nutritional elements (Clark & Zeto 2000; Al-
Karaki & Hammad 2001; Hodge et al. 2001; Govindarajulu et al. 2005). The beneficial
effects of AMF on plant nutrition and growth is usually larger under limiting environmental
conditions where large growth enhancement is frequently documented for mycorrhizal plants
(Neumann & George 2004; Garmendia et al. 2005). Other benefits plants obtain from forming
the symbiosis with AMF include increased seedling establishment, stress tolerance and
protection against pathogens and herbivores (Newsham et al. 1995a; AzconAguilar & Barea
1996; Clark & Zeto 2000; van der Heijden 2004; Kula et al. 2005). Furthermore, AMF also
enhance floristic diversity (Grime et al. 1987) and are economically important because of
their positive effects on growth of agricultural plants and their improvement of soil stability
which can possibly diminish erosion (Cuenca et al. 1998; Rillig et al. 2002; Allen et al. 2003;
Rillig 2004).
Different AMF species not only vary greatly in their ability to colonise roots of plants and in
their effects on growth of different plant species but also alter plant competition and co-
existence and increasing AMF species diversity increases plant species diversity and
productivity (Streitwolf-Engel et al. 1997; van der Heijden et al. 1998a; van der Heijden et al.
1998b; Hart & Reader 2002; Stampe & Daehler 2003; van der Heijden et al. 2003). On the
other hand, different host species differentially affect the growth of different AMF species
(Sanders & Fitter 1992) and diverse plant communities enhance AMF spore production and
the co-existence of diverse AMF communities (Burrows & Pfleger 2002a, b). Furthermore,
plant species richness was positively correlated with AMF species diversity (Landis et al.
2004). Together these results indicating that positive feedback mechanisms can enhance both
plant and AMF species diversity. However, host-specific growth of different AMF species
and differential plant benefits can also cause negative feedbacks and contribute to the co-
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existence of competing plant species (Bever 2002, 2003). These studies revealed the large
potential effects of AMF on natural plant communities. However, most of these studies used
single isolates as representatives of for each AMF species and thus assumed implicitly that
different isolates of the same species are similar in their growth and effects on plant growth.
However, significant differences in nutrient uptake of plants forming the symbiosis with
different individuals of the same AMF species have recently been reported (Munkvold et al.
2004; Gamper et al. 2005). This shows that intraspecific variability could also be ecologically
important but the question, whether and to what extent genetically different AMF individuals
of the same population alter plant growth, has still been largely left unanswered. A main focus
of the present work is to identify how much diversity there is an AMF population and to test
whether intraspecific variation could be of any ecological importance.
However, forming the symbiosis with AMF is not always beneficial for a plant and the
growth of mycorrhizal plants can be reduced compared with non-mycorrhizal plants. Such
AMF induced growth depressions have been observed in many plant species and the effects
often depend on environmental conditions such as nutrient availability and soil moisture
(Peng et al. 1993; Al-Karaki 1998; Graham & Abbott 2000; Valentine et al. 2001). In such
plant-AMF interactions only the fungal symbiont has a net benefit and this has sometimes
been interpreted as parasitism (Johnson et al. 1997). In fertile soils growth patterns of
mycorrhizal and non-mycorrhizal plants often do not significantly differ (Newsham et al.
1995b; Johnson et al. 1997). This would be a case of commensalism where mycorrhizal plants
have neither measurable net costs nor benefits. As not all plants are forming the AMF
symbiosis, it could be costly for an AM fungus to invest energy into colonising roots from
which it obtains no or only low amounts of carbohydrates. Thus, there are costs and benefits
involved for both symbionts in the AMF-plant interaction which may alter the outcome of the
symbiosis.
Communities of AMF are diverse, they change over time and vary in space (Husband et al.
2002a; Jansa et al. 2003; Oehl et al. 2003; Landis et al. 2004; Mangan et al. 2004; Oehl et al.
2005). Although AMF communities harbour many different species and genera of AMF, it is
still unknown if differences in plant growth caused by among-isolate variability within AMF
species are as large as the differences among AMF at higher taxonomic levels. Hart and
Klironomos (2002) found higher variation in growth of plants inoculated with AMF species
of different genera than variation within the genus Glomus; Munkvold et al. (2004) reported
intraspecific, but no interspecific differences, and Gamper et al. (2005) found intraspecific
and interspecific differences among isolates of the genus Glomus. This indicates that intra- as
well as inter-specific variability in AMF are likely to be ecologically important. However, in
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natural habitats individuals mostly evolve in populations that are genetically diverse. The
genetic variation present in a population thus influences whether and how evolutionary forces
(such as drift, selection, mutation or recombination) shape the future evolution of such
populations. To date, however, our knowledge about the structure or genetic diversity of AMF
populations is still very limited. Thus, it is important to further study genetic variability in
AMF populations to better understand the biology and basic population genetics of these
common soil organisms.
AMF Genetics
To date, ecological, phenotypic and/or genetic characterisations of AMF are often performed
by analysing single representative individuals of different AMF populations or species and
only a few studies have considered that different individuals from the same population could
also be genetically or phenotypically different (Bever & Morton 1999; Pringle et al. 2000;
Gamper et al. 2005). In addition to characterising different individuals from the same
population it is also important to link genetic variation to the phenotypic variation to get a
better understanding of the ecological relevance of intraspecific diversity in AMF
populations.
AMF are believed to be monophyletic and very old (Redecker et al. 2000; Schussler et al.
2001b), they grow clonally and no sexual stage in their life-cycle is known. For these reasons
they are presumed ancient asexuals (Judson & Normark 1996). However, more recently, two
studies have found evidence for recombination (Kuhn et al. 2001; Gandolfi et al. 2003). Yet,
some of the evidence for recombination could also be due to artefacts of the technique used,
such as artificial recombination during PCR (Gandolfi et al. 2003). Therefore, the frequency
and evolutionary importance of recombination for AMF genome evolution are questions that
have not yet been fully answered. Maybe another particular feature of the genetic system of
AMF will give further insight into the “secret” of their success, as witnessed by their old age
and their quasi omni-presence in soils of terrestrial ecosystems.
AMF are coenocytic and their spores are multinucleate; many nuclei coexist in a common
cytoplasm. The observation of different ribosomal gene sequences within and among spores
of AMF has lead to the hypothesis that genetically different nuclei coexist within AMF
individuals (Sanders et al. 1995; Sanders et al. 1996). A recent study found molecular
evidence supporting the idea that AMF individuals contain multiple genomes where
genetically different nuclei (nucleotypes) co-exist in the same cytoplasm (Kuhn et al. 2001).
The view of heterokaryosis in AMF has been challenged and it has been suggested instead
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that high sequence variation in a polymerase gene (POL) within individuals of Glomus
etunicatum is due to high ploidy (Pawlowska & Taylor 2004). However, the copy number of
POL was subsequently shown to be low which implies that not all different POL variants can
be present on every nucleus (Hijri & Sanders 2005). Furthermore, two other AMF species
Glomus intraradices and Scutellospora castanea were recently shown to be haploid (Hijri &
Sanders 2004). Taken together, these results corroborate the heterokaryosis hypothesis.
Heterokaryosis in AMF implies that genetically different nuclei are present in single viable
spores and that this genetic diversity is also passed on to the next generation. However, for
many organisms it is frequently assumed that cells that are mitotically derived from the same
zygote are genetically identical (homogeneous). There is an increasing awareness that for
many multi-cellular organisms this is not the case and that genetic homogeneity is often just
an unproven but convenient scientific assumption (Loxdale & Lushai 2003; Santelices 2004).
Examples of intra-organismal genetic heterogeneity (IGH) include somatic mutations which
can cause cancer in humans or which occur in plants as a response to stress (Lucht et al.
2002), chimeras (Sommerfeldt et al. 2003) or hyphal fusions among genetically different
fungal strains to form a heterokaryon (Roca et al. 2003). However, the evolutionary
importance of IGH is still largely unknown (Thomson et al. 1991; Hutchings & Booth 2004;
Pineda-Krch & Lehtila 2004; Rinkevich 2004; Tuomi 2004).
One such type of IGH in AMF is heterokaryosis. To date, however, only a few studies have
considered the implications of IGH in AMF. The observed variability in spore shape among
offspring spores of several Scutellospora pellucida single spore isolates from one population
was hypothesised to be due to segregation of genetically different nuclei, where sister spores
of the same isolate contain different subsets of nucleotypes (Bever & Morton 1999).
Segregation of genetically different nuclei could either be the result of unequal distribution of
nucleotypes in the mycelium at the time of spore formation or random entry of nuclei into
developing spores (Bever & Morton 1999; Sanders 2002). However, anastomosis among
AMF hyphae of the same isolate of the same individual is thought to slow down the loss of
genetic information or nucleotypes and could, therefore, play an important role in maintaining
genetic diversity in AMF individuals (Bever & Wang 2005).
Over two generations Bentivenga et al. (1997) imposed a selection pressure on spore size and
colour of one AMF isolate. In this study, significant changes in spore morphology were
observed among the various treatments (Bentivenga et al. 1997). If there is genetic variation
among (possibly co-occurring) nucleotypes for fitness related traits, it is possible that
selection could result in altered nucleotype frequencies, which could occur within an AMF
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population or within AMF individuals. In light of the heterokaryotic genome organisation an
the wide host range of AMF is also possible that different host plants or other environmental
factors, such as nutrient availability could act as selection pressures for AMF. However, in the
absence of detailed knowledge about the degree of selectively neutral and non-neutral IGHs
and basic AMF population biology it is unclear how such a genetic system is possibly
controlled and how possible genetic conflicts are resolved. The long history of AMF and their
high abundance in terrestrial ecosystems are signs of evolutionary success of these soil
organisms. One of the goals of the present work is to find out more about how they possibly
achieved this.
Aims and Outline of the experimental Procedures
In light of the genetic organisation in AMF there are several possibilities how a field
population of AMF could be structured. All individuals of an AMF population could be
genetically identical with no structure and the “population” would be one large clone.
Alternatively, single spores could either represent distinct homokaryotic genotypes or
constitute of different complements of nucleotypes representing different degrees of genetic
diversity in the population. In light of these possibilities, in Chapter 1, we sampled a
population of the AMF Glomus intraradices from one field by establishing a series of single
spore cultures. The fungi were then transferred into an axenic culture system where the
isolates were subsequently propagated over several generations together with transformed
carrot roots (Becard & Fortin 1988). This culture system has the advantage that the AMF
isolates are cultured in an identical environment and, therefore, possible environmental
maternal effects were strongly reduced. It also circumvents problems of contamination with
other micro-organisms. Because the fungi were cultured under identical environmental
conditions over several generations, differences in phenotypic fungal growth traits among
isolates are assumed to have a heritable basis and are, therefore, indicative of genetic
differences. From fungal mycelia grown in the root organ culture, clean and high quality
DNA was extracted which was then used to genetically characterise the isolates using
amplified fragment length polymorphism (AFLP). The advantage of this technique is that it is
sensitive in detecting genetic differences and its bands can be assumed to be mostly neutral.
Thus, using a quantitative genetics approach we analysed phenotypic and genotypic variation
among isolates which allowed us to look at patterns of genetic diversity in this AMF field
population.
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In Chapter 2, a series of experiments were performed to investigate whether the genetic and
phenotypic differences among isolates of the same AMF population (studied in Chapter 1) are
also of ecological relevance. By ecological relevance I mean that plants forming the
symbiosis with genetically different AMF isolates have a significantly altered growth. In two
single pot experiments in the greenhouse we tested whether genetically different isolates
cause variation in plant growth. In addition to these greenhouse experiments we also
measured growth of transformed AMF colonised carrot roots in the axenic culture system.
This was done with the same set of G. intraradices isolates as used in Chapter 1. We also
compared the growth of transformed carrot root and fungal growth of 4 genetically different
isolates in different treatments of altered nutrient availability. We altered the availability of
two key nutrients of the culture medium, sucrose and phosphate. Decreased sucrose
availability is expected to result in reduced root growth (host quality) and thus also a reduced
fungal growth, while decreased phosphate availability could potentially affect both the host
roots and AMF. Because AMF are frequently improving plant phosphorous uptake, the
symbiotic interaction of roots with different AMF genotypes may be differentially altered in
environments of contrasting phosphate availability.
The main goal of Chapter 3 was to test whether environmental heterogeneity could possibly
contribute to maintain genetic diversity in AMF populations. Two experimental evolution
experiments were set up to test whether genetically different AMF isolates that come from the
same population differentially change their clonal growth when exposed to contrasting
environments. Using the same axenic culture system as in Chapter 1 and 2, we changed the
growth condition of several AMF isolates for several generations. Because in Chapter 2 there
was no significant AMF genotype by phosphate availability interaction, the available
phosphate in the growth medium was drastically reduced to test whether root growth and
growth of genetically different AMF isolates is differentially altered in environments of
strongly contrasting resource availability. Because G. intraradices can form symbioses with
many different plant species, in a second experiment, we inoculated transformed roots of the
three different host species with three genetically different isolates of G. intraradices. In both
experiments fungal growth traits in the different treatments were measured after several
generations. This allowed us to test whether the isolates had the same growth in the different
environments or whether some isolates had a specifically altered growth depending on the
phosphate availability or the host species identity.
Chapter 1 Introduction
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Abstract
Arbuscular mycorrhizal fungi (AMF) are ecologically important root symbionts of most
terrestrial plants. Ecological studies of AMF have concentrated on differences between
species; largely assuming little variability within AMF species. Although AMF are clonal
they have evolved to contain a surprisingly high within species genetic variability and
genetically different nuclei can exist within individual spores. These traits could potentially
lead to within-population genetic variation, causing differences in physiology and symbiotic
function in AMF populations; a consequence that has been largely neglected. We found
highly significant genetic and phenotypic variation among isolates of a population of G.
intraradices but relatively low total observed genetic diversity. Because we maintained the
isolated population in a constant environment, phenotypic variation can be considered as
variation in quantitative genetic traits. In view of the large genetic differences among isolates
by randomly sampling 2 individual spores, <50% of the total observed population genetic
diversity is represented. Adding an isolate from a distant population did not increase total
observed genetic diversity. Genetic variation exceeded variation in quantitative genetic traits
indicating that selection acted on the population to retain similar traits, which might be
because of the multigenomic nature of AMF, where considerable genetic redundancy could
buffer effects of changes in the genetic content on phenotypic traits. These results have direct
implications for ecological research, for studying AMF genes, for improving commercial
AMF inoculum and understanding evolutionary mechanisms in multigenomic organisms.
Chapter 2 High genetic variability in an AMF population
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Introduction
Arbuscular mycorrhizal fungi (AMF) are widely distributed and extremely successful
symbionts that colonise the roots of up to 80% of terrestrial plant species (Smith & Read
1997). They are known to improve plant growth by increasing phosphate uptake (Harrison
1997) and species diversity of AMF has been shown to increase plant species diversity and
productivity (van der Heijden et al. 1998b). Several studies describing the differential effects
of AMF species, that were performed in an ecological context where all fungi originated from
one plant community, have effectively compared a single spore of each AMF species because
each isolate had been propagated clonally from one spore (van der Heijden et al. 1998a; van
der Heijden et al. 1998b; Streitwolf-Engel et al. 2001). Therefore, there was no replication of
the species. So far, there have been no studies combining molecular genetic variation along
with variation in quantitative genetic traits (QGTs) in an AMF field population. This is
surprising given that a remarkably high amount of genetic variability exists in an AMF
species and even within individual spores (Sanders et al. 1995; Sanders et al. 1996; Lanfranco
et al. 1999; Rodriguez et al. 2001; Schussler et al. 2001a). AMF are coenocytic, with many
nuclei co-existing in a common cytoplasm and one species of AMF has recently been shown
to be multigenomic; harbouring genetically different nuclei (Kuhn et al. 2001).
It has already been shown that single spore isolates of an AMF species of different
geographical origin differentially affect plant growth and physiology (Stahl & Smith 1984;
Stahl et al. 1990; Stahl & Christensen 1991). However, in two of those studies, the isolates
were not kept for several generations under identical conditions, and therefore, observed
differences could also be due to environmental differences. Furthermore, only one isolate was
taken from each population so that within population variation was unknown. However,
potential for considerable population variation exists. One AMF can form a hyphal network
that connects the roots of many plants below-ground. Considering the nature and the amount
of genetic variation present in AMF (Sanders 2002), there are several different possibilities
regarding genetic and phenotypic variation in an AMF population. One possibility is that the
fungi are clonal and that all parts of the hyphal network and all spores receive the same
complement of genetically different nuclei, leading to little or no variation in the population.
However, studies on variation in spore shape and colour indicate that heritable variation exists
within AMF populations (Bentivenga et al. 1997; Bever & Morton 1999). Even though AMF
grow clonally, by either random or non-random processes, the nuclei could become unevenly
distributed in the hyphal network or during spore formation. This would create both
genetically and possibly phenotypic heterogeneity. It could also cause a spatial structure
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among different parts of the population. This has previously been described as a particular
type of drift (Sanders 2002). The third possibility, and not necessarily exclusive of the second,
is that selection acts locally on nuclear genotypes due to environmental heterogeneity,
thereby, also creating genetic variation (Sanders 2002).
There have been several attempts using molecular techniques to demonstrate qualitative
genetic differences between isolates within a population by picking out different sequences of
rRNA-encoding DNA (rDNA) from spores (Sanders et al. 1995; Pringle et al. 2000).
However, this approach is complicated because of high within-spore variation in rDNA
sequences. Given that up to 23 different sequences of rDNA have been found in single spore
isolates of Glomus coronatum (Clapp et al. 2001), randomly picking out different rDNA
sequences from a number of AMF spores is highly probable even if they all contain the same
complement of sequence variants. Furthermore, no studies have successfully quantified
genetic differences among AMF isolates using a large number of neutral markers although
this is essential for knowing how much isolates actually differ from each other genetically.
The reason the within-population variation in AMF has not already been investigated in more
detail is probably due to the time consuming methodology required to obtain a set of AMF
individuals in the laboratory that are representative of an AMF population (Sanders 2002).
Obtaining such a set of AMF individuals requires successfully producing AMF spores from
soil samples using trap cultures, setting up single spore cultures and transferring newly
produced spores into sterile laboratory cultures, with subsequent propagation in laboratory
conditions (Fig. 2.1). Because of environmental heterogeneity in the field, each isolate has to
be maintained for several generations in identical conditions to remove maternal effects, an
important precaution for quantitative genetic studies, because variation in traits may otherwise
be due to environment rather than genotype. With subsequent replication of isolates, the
preparation of material for an experiment would take approximately 3 years (Fig. 2.1).
Whether genetic and phenotypic variation exists and to what extent it exists in AMF
populations is a fundamental question that directly contributes to many areas of mycorrhizal
research. Variation among individuals of AMF could lead to strong differences in symbiotic
efficiency with plants. Furthermore, knowledge of the extent of genetic variation in a
population can help to predict how frequently individuals at one site could contain a variant of
a given gene that is known to be polymorphic. Finally, knowledge about how many AMF
should be sampled from a population to account for the majority of the genetic variation will
clearly be of use for developing genetically diverse AMF inoculum.
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Fig. 2.1. Procedure to isolate an AMF population and subsequent measurement of
phenotypic and genetic variation. Soil from the field site is used to inoculate plants. Single
spores from trap cultures were used to inoculate individual plants (single spore isolates).
Spores were used to inoculate sterile Ri-T DNA transformed carrot roots. The isolates were
re-cultured two more times in an identical environment. Sixteen replicate plates were
inoculated with each isolate with an addition of another sixteen two-compartment plates for
genetic analysis. AFLP fingerprint analysis of genomic DNA allowed measurement of genetic
variation.
Our study aims to quantify and compare both neutral genetic variation and variation in QGTs
of an AMF population. We tested the null hypothesis that there are no phenotypic or
genotypic differences among individuals in a field population of the AMF Glomus
intraradices. An isolate is referred to in this work as a clonal culture of an AMF that was
started from one spore (single spore culture); therefore, all its progeny is considered to
represent its original genetic composition. Using a hierarchical design, we measured and
analysed the phenotypes of 16 individuals. Because of the lack of neutral genetic markers at
either the spore or the nuclear level, amplified fragment length polymorphism (AFLP)
fingerprinting was chosen for genetic characterisation. AFLP of DNA from single spores can
suffer from artefacts due to low amounts of DNA and these artefacts cannot be quantified due
to the lack of replication (Rosendahl & Taylor 1997; Kuhn et al. 2001). Our study allowed the
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clonal growth of large amounts of hyphae and spores from each isolate, yielding large
amounts of high quality DNA from each individual, thus negating these problems (St-Arnaud
et al. 1996) and allowing tests of AFLP reliability with the possibility of replication in order
to quantify the potential AFLP artefacts. Our study of an AMF population combines both
quantitative genetic variation and quantitative molecular variation of a multigenomic
organism.
Materials and Methods
Study site. A long-term experiment to study the impact of tillage on soil structure, soil
organisms and crop development was started in 1987 (Anken et al. 1997). The field site of a
size of 90m x 110m was located at Hausweid, Tänikon, Switzerland and comprised a nested
design of two replicate plots of each of two tillage treatments (plots A and B for no-tillage;
plots C and D for tillage) for this experiment within a larger design that comprised more plots
and other soil management treatments (for spatial arrangement of plots see Fig. 2.6 and Table
2.2 of the Supporting Information section). Each plot was 6m × 19m.
Isolation of a G. intraradices population. The G. intraradices isolates were obtained from
the field site from each of the four plots. Single spore isolates were then maintained in
identical environments (Fig. 2.1) (Jansa et al. 2002b). Four single spore isolates were taken
from each of the four plots and put into culture with Root tumour-inducing plasmid T-DNA-
transformed carrot roots, witch were all of the same clone (Becard & Fortin 1988) (for a
detailed description see Supporting Information).
Experimental design. The aim of the experiment was to measure genetic and phenotypic
variation among isolate, among plot and between treatment (tillage and no tillage). Because of
cultivation under identical environmental conditions for a long time, differences in the
observed phenotype are assumed to have a genetic basis and are, therefore, QGTs. The
isolates were cultured by the transfer of material from each of 4 replicate plates of each of the
16 isolates. Material from each replicate plate was then transferred onto 4 new plates.
Therefore, there were 16 plates per isolate, resulting in a total of 256 plates (Fig. 2.1).
Contaminated plates or those with no root growth were excluded from analysis and this
reduced the total number of plates to 229.
For measurement of genetic variation, 16 two-compartment cultures were established
simultaneously for each of the 16 isolates and with the identical starting material as the
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cultures used for measurements of QGTs (Fig. 2.1). In addition, a G. intraradices isolate from
Canada was used as an outgroup. This isolate (DAOM 181 602) was obtained from G. Bécard
(University Paul Sabatier, Toulouse, France). Two-compartment plates allowed proliferation
of AMF on one half of the plate (St-Arnaud et al. 1996). Roots that directed their growth to
the fungal side were cut to avoid contamination with plant material. After 15 weeks, the
fungal compartment of all plates from each isolate was removed and pooled for extraction of
hyphae and spores (Nagahashi et al. 1993). This compartment was then refilled with medium
to allow the growth of more fungal material for a second extraction (Douds 2002).
Measurement of phenotypes. We measured hyphal growth rate and spore production
because they can be related to life history traits and tillage treatments (Hart et al. 2001;
Pringle & Taylor 2002). Over a growth period of 15 weeks, the number of spores per cm2 of
medium and length of hyphae per cm2 of medium were recorded every 3 weeks. The
measurements made at several times allowed calculations of the maximum rate of spore
production and the maximum rate of hyphal growth. In addition, the ratio of spore number to
hyphal length at the end of the experiment was also calculated. A description of the
measurement procedure can be found in the Supporting Information section.
Measurement of genotypes. Fresh hyphae and spores were taken for extraction of DNA
using the DNeasy plant mini kit (Qiagen) according to the manufacturer’s instructions. DNA
extraction of 10 isolates gave sufficiently high yield for AFLP analysis with each of 10
different primer pairs. Further details of AFLP can be found in Supporting Information
section.
Analysis of phenotypic variation and population diversity. Variation in QGTs among the
16 Swiss isolates was tested using the following growth variables: final hyphal length, final
spore number, maximal rate of hyphal growth, maximum rate of spore production and the
ratio of the final spore number to hyphal length.
A nested ANOVA (Analysis of Variance) was performed on each of these variables with the
main factors treatment (2 levels, df 1), plot nested in treatment (4 levels, df 2), isolate nested
in plot (16 levels, df 12) and plate nested in isolate (df 46). All variables were transformed
before analysis to satisfy the assumptions of ANOVA (Sokal & Rohlf 2000) (see Table 2.3 of
the Supporting Information).
Partitioning of variance of polygenic traits (Qst) for all pairwise combinations of the four plots
was calculated for all variables separately and as a combination of all five variables. For
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comparison with genetic variation the calculations were performed on the same 10 isolates as
those that were used for the analysis of genetic variance. Isolates coming from the same plot
were considered to be one sub-population. The following variance components were
calculated for all pairs of plots: plot (Vp), isolate within plots (Vi) and the residual error (Vr).
From these, the Qst values were calculated according to the formula Qst = Vp/(Vp +Vi + 2Vr)
modified from (Merila & Crnokrak 2001) (see Table 2.4 of Supporting Information).
Variation in QGTs was analysed to estimate the relationship between the number of isolates
and the phenotypic diversity. Calculation of phenotypic diversity is described in detail in the
Supporting Information. From the relationship between number of isolates and diversity we
were able to estimate how many isolates comprised 90% of total observed phenotypic
diversity.
Analysis of genetic variation. Ten isolates from the Swiss population were taken for
analysis, using the binary data derived from AFLP with the 10 primer pairs. Analysis of
molecular variance (AMOVA) was performed with the software ARLEQUIN (Excoffier et al.
1992) to investigate patterns of genetic variation and for estimation of variance components at
three different hierarchical levels (isolate, plot and treatment). In a first AMOVA isolate was
used as a factor with 10 levels, with 2 replicate DNA extractions of each isolate. Genetic
variation among isolates (Va) and between extractions of each isolate (Vb) was compared to
investigate genetic differences among isolates in the AMF population. In a second AMOVA,
the plot structure was used as a factor with 4 levels, where isolates originating from the same
plot were the replicates of the plots. The amount of genetic variation explained within (Vb)
and among (Va) the plots was used to examine whether a spatial genetic structure existed in
the AMF population (for results of both AMOVAs see Tables 2.5 and 2.6 of Supporting
Information). The variance components for the plot structure (Va, Vb) were used to calculate
genetic variation (Fst ) values according to the formula Fst = (Va)/(Va+Vb) (Merila & Crnokrak
2001) (for Fst values see Table 2.7 of Supporting Information). Both AMOVAs were
performed for each pair of primers separately and the means over all primer pairs were
calculated in each analysis. Finally, isolates were grouped according to the treatment and
taken as replicates in a third AMOVA with 2 levels to test whether there were genetic
differences because of to the tillage treatment.
Phylogenetic analysis was performed on the combined binary dataset of all 10 primer pairs to
describe the relatedness among isolates, both with and without the isolate of Canadian origin.
A maximum parsimony analysis was performed using PAUP 4.0 BETA 10 with a heuristic
search procedure using random stepwise addition and tree bisection-reconnection branch
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swapping options, repeated 10 times. The robustness of the branching pattern was evaluated
with a bootstrap procedure (1000 replicates) (Swofford 2002).
To know how much of the total population genetic variation is contained in a given number of
isolates, a Monte Carlo simulation was performed, allowing mean genetic diversity to be
plotted against number of isolates. Details can be found in the Supporting Information
section. The test was repeated, including the isolate from Canada, with random sampling up
to 11 isolates.
Relationship between phenotypic variation and genetic variation. The combined binary
datasets of 10 primer pairs were used and Fst values between all pairs of plots was
recalculated based on the plot structure of the second AMOVA. Plot Fst values were plotted
against plot Qst values for all 5 variables separately and for a Qst where all 5 variables were
combined. This pairwise comparison of the amount of Qst with the amount of Fst allowed us to
test the null hypothesis that a given trait evolved by genetic drift, in which case Fst will be
equal to Qst (McKay & Latta 2002). Presence of selection on either the genetic or phenotypic
level is expected to lead to deviation from this assumption.
Results
Variance Analyses (ANOVA and AMOVA). Isolates differed significantly in their final
hyphal length and spore number (Fig. 2.2a and b). The hyphal length ranged from 10 cm·cm-2
to 52 cm·cm-2 and spore number ranged from 5 spores·per cm2 to 75 spores per·cm2. The
isolates also differed strongly in their maximal hyphal growth rate, maximum rate of spore
production and the ratio of spore number to hyphal length (Fig. 2.2 c, d and e). Final hyphal
length, maximal growth rate of hyphae and the ratio of spore number to hyphal length also
differed significantly among plots. There was no significant plot effect on final spore number
and maximal rate of spore production. The tillage treatment had no significant effect on any
of the five variables. 
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Fig. 2.2 Mean final hyphal length (a), final spore number (b), maximal hyphal growth rate (c),
maximum rate of spore production (d) and final spore number per hyphal length (e) of the 16
AMF isolates. Identical shading patterns indicate isolates originating from the same plot.
Isolates A1 – B4 and C1 – D4 belong to no-tillage and tillage treatments, respectively. Only
significant main effects from the ANOVA are given. Bars indicate standard error and
significance levels are as follows: (a) Isolate F12,46 = 19.48 (P ≤ 0.001), plot F2,12 = 8.12 (P ≤
0.01); (b) Isolate F12,46 = 9.06 (P ≤ 0.001); (c) Isolate F12,46 = 7.21 (P ≤ 0.001), plot F2,12 = 5.72
(P ≤ 0.05); (d) Isolate F12,46 = 6.13 (P ≤ 0.001); and (e) Isolate F12,46 = 7.21 (P ≤ 0.001), plot
F2,12 = 5.74 (P ≤ 0.05). Full ANOVA tables are given in Table 2.3 Supporting Information.
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Genetic differences among isolates were large and this was true for all primer pairs (Table
2.1). A mean of 94.2% of the total population variation was explained by differences between
the isolates. Only a small amount of the total variation (mean 5.8%) was due to differences
among the replicate DNA extractions (Table 2.1). AMOVA with plot as factor showed that
68.3% of the total variation was explained by differences among the 4 plots, while 31.7% was
explained by differences within the plots (Table 2.1). Only 1.3% of the genetic variation was
explained between isolates of different treatments (data not shown).
Table 2.1 Results of AMOVAs. Shown are the percentage of variation for (a) within isolate
variation (between DNA extractions of the same isolate) and among isolate variation and (b)
within plot variation and among plot variation. The analysis was performed on the binary
dataset obtained from AFLP with 10 different primer pairs on DNA from 10 isolates of G.
intraradices.
AFLP Primers a) Isolates b) Plots
Eco Mse among within among within
AGG    CA 93.1 6.9 64.5 35.5
AAG    CA 95.4 4.6 62.8 37.2
   TC    CA 92.7 7.3 66.7 33.3
   GA    CA 98.8 1.2 80.3 19.7
   AG    CA 91.7 8.3 72.6 27.4
   GT    CA 91.2 8.8 62.7 37.3
AGG    TT 94.1 5.9 70.8 29.2
AAG    TT 96.0 4.0 68.0 32.0
   GT    TT 97.1 2.9 68.9 31.1
   AA CTG 92.1 7.9 65.4 34.6
mean 94.2 5.8 68.3 31.7
Phylogenetic analysis. The maximum parsimony analysis of the 10 isolates used in the AFLP
analysis revealed the presence of 3 monophyletic groups that were well supported with
bootstrap values (100%, 100% and 100%) (Fig 2.3a). The analysis was repeated with the
Canadian isolate and this did not greatly change the bootstrap values (100%, 100% and 98%)
or greatly change the position of the other isolates in the tree (Fig. 2.3b). One group was
represented by isolate C2. The second and the third group included isolates B1, B3, D1, D2,
D3,+/- Can and A3, A4, C3, C4, respectively (Fig. 2.3). The presence of 3 phylogenetic groups
indicated that there is clearly a genetic structure within the population. Comparison of the
group structure of the isolates with phenotypic traits of the isolates shows that isolates from
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the third group form a distinct class that also exhibited the highest values of final hyphal
length and spore number.
Fig. 2.3 Phylogenetic analyses based on binary data generated using AFLP on 10 isolates of
an AMF population from Switzerland. An unrooted consensus tree was obtained through a
heuristic search procedure using stepwise addition and tree bisection-reconnection branch
swapping options (with 10 additions). Support values are indicated at branches when found in
at least 90% of the 1000 bootstrap trees. (a) The analysis was performed with AMF isolates
from the Swiss population only. The Swiss isolate codes follow that described in the Material
and Methods section. The 2 independent DNA extractions are denoted with the lower case
letters a and b after the isolate letter and number code. (b) The analysis was performed on 10
isolates of the Swiss population and an isolate of Canadian origin. The Canadian isolate is
designated Can.
Diversity analysis. The Monte Carlo simulations showed that genetic diversity increased with
the number of randomly chosen isolates and the asymptotic curve indicated a limited amount
of diversity in the population (Fig. 2.4a). Two isolates, chosen at random, accounted for
<50% of the total observed genetic variation. After selecting seven or more isolates at random
the curve levelled off and accounted on average for >90% of the total observed variation.
Thus, adding more isolates after this point did not greatly increase total observed variation. A
subsequent reanalysis including the isolate from Canada in the dataset did not change the
shape of the curve.
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Any two isolates, chosen at random, accounted for <50% of the total observed phenotypic
diversity and this was true for all models of phenotypic diversity. Using the most conservative
assumptions of the model (2 classes) the asymptotic curve started levelling off after selecting
six or more isolates at random and accounted on average for more than 90 % of the observed
total phenotypic diversity (Fig. 2.4b). Again, adding more isolates did not greatly increase
total observed variation. Increasing the number of classes in the model (three or four) shifted
the point where the curve started levelling off to 10 or more isolates.
Fig. 2.4. (a) Relationship between the amount of genetic diversity and the number of isolates
sampled from an AMF population. The estimation of genetic diversity was performed including
(♦) and excluding (▼) an isolate from Canada. Data points indicate the mean number of
polymorphic bands for a given number of isolates. Error bars represent ±1 standard deviation.
The dotted line represents the threshold for 90% of the observed genetic diversity. (b)
Relationship between the amount of phenotypic diversity and the number of isolates sampled
from an AMF population. The procedure for estimation of phenotypic diversity was performed
on the basis of different numbers [2 (■), 3 (●) and 4 (▲)] of equally long intervals (classes)
that were introduced to describe the variation in a trait. For each of the three different classes
the threshold for 90% of the observed diversity is indicated with a dotted line.
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Comparison of Qst to Fst. Qst values of each pair of plots were compared to the
corresponding Fst values giving 6 data points representing each possible combination. Fst was
generally > Qst for all 5 variables (Figures 2.5a – e). This was also true for the relationship
between the combined values of phenotypic differentiation and genetic differentiation (Figure
2.5f).
Fig. 2.5 Relationship between Qst and Fst for all six possible combinations of pairs of plots. Qst
values are shown for the phenotypic traits: (a) final hyphal length, (b) final spore number, (c)
maximal hyphal growth rate, (d) maximum rate of spore production, (e) final spore number per
hyphal length and (f) a combination of all five variables. Data points are denoted with 2 letters
describing which plots have been compared. All variance components of QGTs used in the
calculations are shown in Table 2.4 Supporting Information.
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Discussion
Differences between AMF individuals. In this study, we have shown that large genetic
differences exist between individuals in an AMF population in an area of 90m x 110m.
Therefore, we reject the null hypothesis that there are no phenotypic or genetic differences
among individuals in an AMF population. Five-fold differences in hyphal length between
isolates, as observed among isolates in this population, have previously only been described
between AMF species and have been shown to explain differences in plant phosphate uptake
(Jakobsen et al. 1992). Thus, the variation observed in phenotypes of this AMF population
has, indeed, the potential to alter plant nutrition and growth, indicating that variation in AMF
populations may be ecologically important. The level of variation is surprising given that
AMF have only evolved about 150 morphologically distinct taxa in 400 Million years of
terrestrial evolution (Remy et al. 1994; Redecker et al. 2000).
The variation that we show could either be created by drift, as described by (Sanders 2002), or
by selection due to different environments in the field or by a combination of both. From our
comparison of genetic and phenotypic differentiation, it is likely that the variation is not the
result of drift alone. However, using this test it is not possible to quantify the strength of
selection and how much it contributes (Merila & Crnokrak 2001). In our study, individuals
from different plots showed higher genetic differentiation than differences in phenotypic
traits. Similar comparisons for other organisms showed that phenotypic differentiation
typically exceeded that of neutral genetic markers indicating divergent selection (Merila &
Crnokrak 2001; McKay & Latta 2002). Our data are in contrast to these studies and, therefore,
suggest that there could be selection on similar QGTs in the presence of great genetic
diversity. Given that the AMF population originates from a highly managed agricultural
system, perhaps certain management practices that are common to all plots of the field have
caused this selection. A possible explanation is that functional redundancy in gene sequences
among multiple genomes could lead to a similar phenotype. For example, minor changes in a
population of alleles such as replacement of rare alleles or slight changes in allele frequencies
might not affect the resulting phenotype if it represents an average of all alleles. These minor
changes could, however, lead to considerable changes in the genetic content. The observed
variation in QGTs is sufficiently large to detect selection but our results show no indication
that one practice, that of tillage, had any significant effect. However, it is possible that other
agricultural management practices or environmental differences could act selectively.
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Population structure. The data indicate there could be a spatial genetic structure within the
population. This means that AMF from different parts of a 90m × 110m field are likely to be
genetically different and that genetic differences are not randomly distributed. Because of
small sample size per plot caution needs to be taken with the interpretation of this result. A
genetically structured AMF population is also supported by the phylogenetic analysis that
revealed 3 major groups within the population. Evidently, a link between the pattern of
variation in QGTs and the phylogenetic structure in the population could exist as one
monophyletic group was found to comprise the isolates that exhibited the highest hyphal
growth. Indeed, a Mantel test comparing genetic relatedness between pairs of isolates (the
number of shared polymorphic bands) with differences in mean hyphal density (after 15
weeks of growth) showed a highly significant correlation (r2 = 0.6812; p = 0.0003).
Differentiation among isolates of one population might, therefore, not only occur on a genetic
but also on a functional level.
Anastomosis, the fusion of hyphae, has previously been shown in AMF (Giovannetti et al.
2001), allowing possible exchange of nuclei within the hyphal network, which should reduce
the effects of drift and selection by allowing re-mixing of nuclear genotypes after their
distribution has been rendered heterogeneous. However, to date experimental studies have
only revealed anastomoses between hyphae of spores coming from the same isolate
(Giovannetti et al. 1999; Giovannetti et al. 2001) and not between isolates of different
geographical origin (Giovannetti et al. 2003). At the scale of our study, the spatial genetic
structure of the population shows that exchange of nuclei could not have been frequent
enough to cause genetic homogeneity in the population.
Limited diversity in an AMF population. Our analyses of genetic and phenotypic diversity
show that six to seven isolates are sufficient to cover the great majority of the total observed
population diversity. Both diversity analyses and the phylogenetic analysis suggest that only a
limited number of very different main types exist and, thus, that total genetic diversity might
be relatively low. However, by choosing only two isolates at random we would be sampling
<50% of the diversity in the population. Despite the large genetic differences among isolates
found within one field the Canadian isolate was not genetically distant and phylogenetically it
fitted into one of the main branches of the population, which suggests either potential gene
flow between the Canadian isolate and some of the Swiss population or that the total diversity
comprised within a small scale may already account for most diversity on a much larger scale.
This finding, however, is in contrast to the findings that geographically distant isolates do not
anastomose (Giovannetti et al. 2003).
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These results have strong implications for commercial inoculum development and for
ecological studies of AMF that rely on the use of molecular methods. The functional and
genetic diversity of a commercial inoculum could be altered according to the number of single
spore isolates used to initiate an inoculum. Using several isolates would increase the
likelihood of genetic exchange with a local AMF population. Similarly, molecular studies
aimed at characterising AMF communities in field-sampled roots should consider the high
within population genetic variation, because primers developed from single spore isolates
may not necessarily allow detection of all individuals of the same AMF species in the field.
Additionally, given the large genetically based phenotypic differences that we have shown in
an AMF population from a small field, studies concentrating on rDNA sequence diversity
among AMF species is unlikely to be targeted at the ecologically relevant level.
We conclude that ecological and molecular studies of AMF should take this surprisingly high
variation into account. Because of the potential that this genetic diversity is translated into
functional differences, within-population variation should be considered when designing
ecological and molecular experiments. Furthermore, because of sequence variation in AMF,
including regions of functional genes (Kuhn et al. 2001), genetic differences in a population
might lead to segregation of alleles of genes among individual spores which could lead to
complete presence and absence of certain alleles depending on the isolate studied. Molecular
biologists studying functionally relevant genes and their molecular regulation in a
multigenomic organism should consider this potential segregation of alleles and possibly
ascertain their findings through analysis of several isolates, because otherwise important
information could be missed.
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Supporting Information
Isolation of a G. intraradices Population. In 1999, 30 individual soil cores were randomly
taken from the four plots. These were pooled and mixed by plot. Trap cultures were
established on host plants of soybean (Glycine max L.), sunflower (Helianthus annuus L.),
and leek (Allium porrum L.) (Jansa et al. 2002b). After a growth period of 5 months in the
greenhouse, fresh, healthy spores of G. intraradices were sieved and single spores were used
to start new cultures by placing them individually onto germinating roots of sterile Plantago
lanceolata seedlings. These single spore isolates were then grown for a second period of 3
months in identical environmental conditions (Becard & Fortin 1988; Jansa et al. 2002b) (Fig.
2.1). One isolate was chosen from each plot (isolates A4, B3, C2, and D3) for sequencing
analysis of the internal transcribed spacer region. A comparison with the sequences in
GenBank confirmed their belonging to the species G. intraradices (accession numbers
AJ557006, AJ557009, AJ557007, and AJ557008, respectively).
Cultivation of G. intraradices on Root Tumour-Inducing Plasmid T-DNA Transformed
Carrot Roots. After cultivation on P. lanceolata, spores showing a creamy to white colour,
indicating a healthy state, were collected and surface-sterilised by shaking four 4 h with a mix
of antibiotics (500 mg·litre–1 streptomycin\500 mg·litre–1 rifampicin\500 mg·litre–1
tetracyclin\500 mg·litre–1 penicillin G\500 mg·litre–1 neomycin\200 mg·litre–1 polymyxin-B
sulfate with a few drops of Tween 20). Spores were rinsed with sterile water and put onto a
plate containing minimal medium with a piece of Ri T-DNA-transformed carrot root that
originated from one clone (2). Cultures were incubated at 25°C. Each isolate was transferred
for the first time after 15 weeks of growth by taking pieces of media (» 4 cm2), containing
roots and fungus, which were then placed onto a new plate containing minimal medium. To
maintain isolates in identical conditions, this procedure was subsequently performed two
more times with the same medium each time after 15 weeks of growth. Four isolates were
taken from each of the different plots (A–D), resulting in a total of 16 single spore isolates of
G. intraradices that were used in this study.
Procedure for the Measurement of Phenotypes. Hyphal length cm–2 medium was measured
by counting the number of hyphal intersects on an L-shaped line at four randomly chosen
positions on the plate. The mean number of intersects was then multiplied by the conversion
factor 1.057 to give values of hyphal length in cm·cm-2. Spore density was measured by
counting the number of spores in four randomly chosen circular areas (each 1.37cm2). The
four measurements per plate were pooled to give one value per plate. Measurement of these
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variables at regular intervals also allowed the calculation of hyphal growth rates and rates of
spore production.
Additional Details About Amplified Fragment Length Polymorphism (AFLP). DNA
extraction was performed on the 16 isolates and the Canada isolate. Two independent
extractions were made for each of the 16 Swiss isolates, and 0.25 mg of DNA was used for
AFLP (AFLP Kit for Microorganisms, Invitrogen). Isolates were not analysed if there was
<0.25 mg of genomic DNA per extraction available. The Canada isolate (Can) and ten of the
16 isolates were retained for AFLP analysis. The 10 Swiss isolates (A3, A4, B1, B3, C2, C3,
C4, D1, D2, and D3) were distributed over the four plots, where two isolates originated from
each of plots A and B and three isolates originated from each of plots C and D. Ten different
radioactively P33-labeled primer pairs (EcoR1 + AGG, AAG, TC, GA, AG, GT with MseI +
CA; EcoR1 + GT, AGG, AAG with MseI + TT and EcoR1 + AA with MseI + CTG) were
used for AFLP. Amplified DNA fragments were separated on 6% denaturing acryl amide gels
for 3.5 h at 70 W, dried for 2 h at 70°C, and exposed on a film. The polymorphic fragments
were scored in two ways. First, all fragments that were clearly polymorphic were scored.
Second, three fragments were scored that were the most obviously polymorphic (as judged by
fragment intensity) among all fragments in each of four equally sized partitions of the gel.
Calculation of the Relationship Between Number of Isolates and Phenotypic Diversity.
Phenotypic diversity was calculated with the following procedure. The means of all five
phenotypic traits of each isolate were used as the raw data in this analysis. For each variable,
the range of the 16 means was divided several times into equally long intervals, ranging from
2 to 14 classes. We defined phenotypic diversity for each trait as the total number of classes in
which at least one of the 16 means lay. When all means were in the same class, the diversity
was considered to be zero. The total diversity was then calculated by adding up the
phenotypic diversity of each of the five traits for each number of classes. For each number of
classes, the following sampling procedure was performed. X isolates (X = 2, 3, …, 16) were
randomly sampled 1,000 times, and the average total diversity was recorded for each X (in the
case of X = 16, this was, by definition, the maximum diversity).
Calculation of the Relationship Between Number of Isolates and Genetic Diversity. The
total number of observed polymorphic bands in the dataset was considered as the total
population diversity. The number of polymorphic fragments was counted after randomly
sampling two isolates. This procedure was repeated successively with random sampling
without replacement from 3 to 10 isolates. The mean genetic diversity and the standard
deviation were obtained by performing a bootstrap over 1,000 repetitions of the procedure.
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Values of mean diversity obtained were plotted against the number of randomly sampled
isolates.
Table 2.2 Geographic distance between each pair of plots
plots plots
geographic
distance [m]
A B 29.2
A C 58.4
A D 46
B C 85.2
B D 71.2
C D 58.4
The geographic distances between plots were determined as the distances from the center of
a plot to the center of another.
Chapter 2 High genetic variability in an AMF population
39
Table 2.3 Results of nested ANOVA for each of five quantitative traits (a-e). The F-values
were calculated by using MS of the nested level as denominator, and the MS of the residual
error term was only used as denominator for calculating the F-values for the plate effect. The
five variables were transformed using different root transformations: 2√(final hyphal density),
2√(final spore density), 4√(maximum hyphal growth), 3√(maximum spore production), 3√(ratio of
final spore density per hyphal density).
a) final hyphal density
level df SS F Prob>F
treatment 1 0.660 0.090 0.792
plot 2 14.635 8.118 0.006
isolate 12 10.816 19.481 <<0.001
plate 46 2.128 1.183 0.221
error 167 6.529
b) final spore density
level df SS F Prob>F
treatment 1 65.521 1.797 0.312
plot 2 72.913 0.774 0.483
isolate 12 565.518 9.063 <<0.001
plate 46 239.185 1.219 0.185
error 167 712.490
c) maximal hyphal growth
level df SS F Prob>F
treatment 1 0.006 0.005 0.951
plot 2 2.723 5.718 0.018
isolate 12 2.858 7.207 <<0.001
plate 46 1.820 1.100 0.326
error 167 5.017
d) maximum spore production
level df SS F Prob>F
Treatment 1 3.515 1.012 0.420
Plot 2 6.944 1.056 0.377
Isolate 12 39.443 6.129 <<0.001
Plate 46 24.670 1.316 0.108
Error 167 68.045
e) ratio of final spore density per hyphal density
Level df SS F Prob>F
Treatment 1 1.013 0.332 0.623
Plot 2 6.099 5.741 0.019
Isolate 12 6.373 7.213 <<0.001
Plate 46 3.387 1.236 0.169
Error 167 9.949
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Table 2.4 Variance components for all pairs of plots for 5 QGTs of AMF growth and a
combination of the traits. Variance components (V) obtained from a nested ANOVA with the
two levels for plot (p) and isolates (i) nested within plot for all pairs of plots. Vr indicates the
variance components of the residual error. These values were used to calculate Qst values for
all five traits separately (a – e) and combined (f).
a) Final hyphal density
plots Vp Vi Vr Qst
A B 0.3051 -0.0029 0.0209 0.8868
A C 0.0161 0.0391 0.0281 0.1444
A D 0.3025 -0.0127 0.0664 0.7160
B C 0.1196 0.0379 0.0303 0.5480
B D -0.0057 0.0095 0.0541 -0.0505
C D 0.1199 0.0330 0.0597 0.4404
b) Final spore density
plots Vp Vi Vr Qst
A B 3.5482 -0.1757 4.3200 0.2954
A C 1.7683 1.1394 3.3132 0.1855
A D 8.4803 -0.3700 4.0341 0.5242
B C -0.3847 0.9403 4.8935 -0.0372
B D 0.9930 -0.3474 5.7543 0.0817
C D 1.4669 0.9154 4.4964 0.1290
c) Maximal hyphal growth rate
plots Vp Vi Vr Qst
A B 0.0518 -0.001 0.0213 0.5544
A C -0.0013 0.0026 0.0245 -0.0252
A D 0.0353 -0.0031 0.0339 0.353
B C 0.0402 0.0025 0.0291 0.3982
B D 0.0008 -0.0005 0.0373 0.0100
C D 0.0257 0.0008 0.0382 0.2498
d) Maximal rate of spore production
plots Vp Vi Vr Qst
A B 0.0810 0.0004 0.3446 0.1051
A C 0.0479 0.0508 0.2579 0.0779
A D 0.3120 -0.0337 0.4105 0.2838
B C -0.0293 0.0447 0.4364 -0.033
B D 0.0582 -0.0291 0.6065 0.0469
C D 0.0578 0.0264 0.4757 0.0558
e) Final spore density per hyphal density
plots Vp Vi Vr Qst
A B 0.0251 -0.0027 0.0607 0.1748
A C 0.0035 0.0013 0.0272 0.0587
A D -0.0006 0.0012 0.0390 -0.0080
B C 0.0526 -0.0030 0.0606 0.3079
B D 0.0373 -0.0039 0.0775 0.1979
C D 0.0006 -0.0014 0.0449 0.0068
f) Qst all traits combined
plots ∑Vp ∑Vi ∑Vr ∑Qst
A B 4.0112 -0.1819 4.7675 0.3001
A C 1.8345 1.2332 3.6509 0.1769
A D 9.1295 -0.4183 4.5839 0.5106
B C -0.2016 1.0224 5.4499 -0.0172
B D 1.0836 -0.3714 6.5297 0.0787
C D 1.6709 0.9742 5.1149 0.1298
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Table 2.5 Variance components from an AMOVA for all pairs of isolates
Source of variation d.f.
Sum of
squares
Variance components
Percentage of
variation
Among
populations
9 941.5 50.70556 Va 94.06
Within populations 10 32 3.2 Vb 5.94
Total 19 973.5 53.90556
Variance components (Va and Vb) obtained from an AMOVA with isolate as a factor with 10
levels. These values were calculated on the basis of the combined binary datasets obtained
with 10 different AFLP primer pairs.
Table 2.6 Variance components from an AMOVA for all pairs of plots
Source of variation
d.f.
Sum of
squares
Variance components
Percentage of
variation
Among
populations
3 667.5 41.22466 Va 68.31
Within populations 16 306 19.125 Vb 31.69
Total 19 973.5 60.34966
Variance components (Va and Vb) obtained from an AMOVA with plot as a factor with four
levels. These values were calculated on the basis of the combined binary datasets obtained
with 10 different AFLP primer pairs.
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Table 2.7 Population pairwise Fst between each pair of plots. Percentage of genetic variation
between pairs of plots obtained from an AMOVA with 2 levels (between plot populations and
within plot populations). These values were calculated on the basis of the combined datasets
obtained with 10 different AFLP primer pairs.
plots
Population
pairwise Fst
A B 0.87529
A C 0.11952
A D 0.94934
B C 0.56392
B D 0.65576
C D 0.66707
Fig. 2.6 The spatial arrangement of the four plots (A, B, C, and D) at the field site within a
larger design that comprised additional plots that were not used in this study. The size of each
plot was 6 m × 19 m. A 4-m distance separated the four main blocks. Each block contained
12 plots.
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Chapter 3
Genetic variability in a population of arbuscular
mycorrhizal fungi causes variation in plant growth
Alexander M. Koch, Daniel Croll and Ian R. Sanders
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Abstract
Different species of arbuscular mycorrhizal fungi (AMF) alter plant growth and affect plant
coexistence and diversity. Effects of within-AMF species or within-population variation on
plant growth have received less attention. High genetic variation exists within AMF
populations. However, it is unknown whether genetic variation contributes to differences in
plant growth. In our study a population of AMF was cultivated under identical conditions for
several generations prior to the experiments thus avoiding environmental maternal effects. We
show that genetically different Glomus intraradices isolates from one AMF population
significantly alter plant growth in an axenic system and in greenhouse experiments. Isolates
increased or reduced plant growth meaning that plants potentially receive benefits or are
subject to costs by forming associations with different individuals in the AMF population.
This shows that genetic variability in AMF populations could affect host-plant fitness and
should be considered in future research to understand these important soil organisms.
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Introduction
Arbuscular mycorrhizal fungi (AMF) are abundant in soils of most terrestrial ecosystems
where they form symbioses with roots of most plants (Smith & Read 1997). Arbuscular
mycorrhizal fungi (phylum Glomeromycota) are obligate biotrophs and supply plants with
phosphorous in exchange for carbohydrates (Harrison 1997). The fungi are an ancient group
of presumed asexual organisms and only about 160 morphospecies are known (Redecker et
al. 2000; Kuhn et al. 2001). Arbuscular mycorrhizal fungi grow clonally and are coenocytic,
harbouring many nuclei in a common cytoplasm. The symbiosis with AMF can improve plant
nutrient acquisition, enhance stress and pathogen tolerance and increase plant diversity
(Grime et al. 1987; Newsham et al. 1995a; Smith & Read 1997).
Inoculation with different AMF species differentially alters the growth and coexistence of
different plant species (Streitwolf-Engel et al. 1997; van der Heijden et al. 1998a; van der
Heijden et al. 2003) and increasing species richness of AMF increases plant diversity and
productivity (van der Heijden et al. 1998b). However, these studies used single individuals as
representatives of each AMF species where each culture was initiated from only 1 spore.
These studies, therefore, did not address whether intraspecific variation could account for
some of the observed differences among taxa. The question of inter- and intraspecific
variation in AMF and its effects on plant growth has been partially addressed. Variation in
plant growth was higher among plants inoculated with different species than those inoculated
with different isolates of the same species (Hart & Klironomos 2002). However, this does not
mean that within isolate variation is not ecologically important. More recently considerable
within AMF species variation has been observed. Large differences in plant growth and
phosphorous uptake were reported within AMF species, thus, showing the potential
ecological importance of within AMF species variation (Munkvold et al. 2004). The AMF
isolates compared in the study by Munkvold et al. (2004) evolved in different environments
and differed in their culturing histories. The isolates were probably also genetically different.
Therefore, these large intraspecific differences could have been caused by environmental
differences or genotypic differences or both. Different isolates of an AMF species from one
geographic location have also been shown to cause variation in the amount of biologically
fixed nitrogen in clover plants (Gamper et al. 2005). Recently, a population of G. intraradices
was shown to be comprises of individuals that were genetically different from each other
(Koch et al. 2004). These individuals were isolated from the same field and maintained for
successive generations in exactly the same environment. These AMF isolates showed
considerable differences in their AFLP banding patterns and their phenotypes, especially in
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extraradical hyphal density, a trait that is thought to play an important role in phosphorous
acquisition. Variation in these traits likely has a genetic basis because culturing under
identical conditions over several generations eliminated possible environmental effects.
The aim of the present study is to test whether genetic differences among individuals of an
AMF population could significantly alter the growth of plants. In our experiments, we used
isolates from a population of G. intraradices that had been maintained in the same
environment (Koch et al. 2004) in order to reduce environmental effects. In a system where
the AMF are grown with transformed carrot roots on an artificial medium, we tested whether
genetically different isolates differentially affected root growth. In a second experiment in the
same culture system, we tested whether altering the environment would differentially alter the
effect of a given isolate on root growth. In a greenhouse experiment, we tested whether the
growth of two plant species, that had previously been shown to grow differently when
forming the symbiosis with different AMF species (van der Heijden et al. 2003), was altered
by the colonisation of genetically different G. intraradices individuals that all come from one
field (Koch et al. 2004). Because overall growth of AMF inoculated plants did not differ from
that of non-mycorrhizal control plants in this first experiment, we performed a second
greenhouse experiment, where a poorer soil mixture was used. To test whether differences in
soil moisture altered growth and AMF-dependency of host plants, two different watering
regimes were also included. In all experiments genetically different AMF isolates
significantly altered host growth, and the effects ranged from detrimental to beneficial
depending on the environmental conditions and the identity of the isolate. Our results show
that ecologically relevant genetic and functional diversity exists within AMF populations
revealing a further level of complexity of AMF biology and natural ecosystems.
Material and Methods
All fungal material used in our experiments belonged to the AMF species Glomus
intraradices Schenck & Smith. The species identification was based on spore morphology
and ITS sequences (Koch et al. 2004). The AMF single spore isolates originate from four
different plots from one agricultural field in Tänikon, Switzerland (Anken et al. 2004; Koch et
al. 2004). The agricultural field contained two replicate plots nested within two tillage
treatments (plots A and B experienced no tillage and plots C and D experienced tillage). The
distances among the plots varied from 29.2m (distance from plot A to plot B) to 85.2m
(distance from plot B to plot C). Single G. intraradices spores were obtained from trap
cultures that had been started from mixtures of soil samples from each of the four plots. These
Chapter 3 Functional variability in an AMF population
47
single spores were then placed individually onto germinating roots of Plantago lanceolata
roots to start single spore cultures. From each of these cultures, a single healthy-looking spore
was used to colonise transformed carrot roots in an axenic culture system. The isolates were
subsequently kept under identical environmental conditions for two generations prior to
Experiment 1 and for at least 7 generations before all other experiments to reduce possible
maternal effects (Koch et al. 2004). The nomenclature of the fungal isolates used here is the
same as in Koch et al. (2004); capitalised letters indicate the origin of the plot and the
numbers indicate different single spore lines.
Experiment 1: The effect of different isolates on host root growth
The aim of Experiment 1 was to test whether different isolates altered the growth of host
roots. Sixteen AMF isolates (four isolates from each of the four plots) of Glomus intraradices
were cultured in an axenic system with a clone of transformed carrot roots as described in
Koch et al. (2004). Root length was measured 3,6,9,12 and 15 weeks after inoculation of each
plate by counting the number of root intersects with a rectangular grid (2 cm inter-space). The
measures over time allowed the calculation of maximum root growth rate by determining the
maximum slope of the least square fit of the logistic curve y=a*(b+Exp(-c*wk))-1 for each of
the 229 replicate plates of the experiment. For full details of Experiment 1 see Koch et al.
(2004).
Experiment 2: The effect of decreased nutrient availability on host root growth
The same model system as in Experiment 1 was used to test how the growth of the host roots
and four genetically different fungal isolates were altered when the availability of two key
nutrients, sucrose and phosphate, was decreased. To do this we selected 4 G. intraradices
isolates which were sampled from different plots and which were previously shown to differ
in their AFLP fingerprint profiles (Koch et al. 2004). The 4 AMF isolates (A4, B3, C3 and
D1) were cultivated in the standard M medium and in medium with reduced sucrose and
phosphate concentrations. The concentration of either sucrose or potassium phosphate in the
growth medium was reduced to 50% and 25% compared with the standard M medium,
respectively (Becard & Fortin 1988). The reduced amount of potassium was compensated by
adding the equivalent amount of K in the form of KCl to the medium. The 5 treatments are
abbreviated as M (standard), S50, S25, for the reduced sucrose, and P50, P25 for the reduced
phosphorous treatments, respectively. After the end of Experiment 1, the isolates and non-
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mycorrhizal (NM) roots were subcultured four times on M medium over a period of one year
before being used for this experiment. For roots inoculated with each of the 4 isolates and the
NM roots, 40 parental plates were randomised and used to inoculate 60 new plates, i.e. 12
new replicate plates of each of the five treatments. After 15 wk of growth, root length of each
plate was measured as in Experiment 1, and hyphal length and spore density were quantified
as in Koch et al. (2004). Contaminated plates (n = 3) and plates with no AMF hyphal growth
(n = 21) were removed from the statistical analyses which reduced the total number of plates
from 300 to 276.
Experiments 3: The effect of different isolates on total dry weight of two host species
The aim of this greenhouse experiment was to test whether the growth of the two plant
species Prunella vulgaris L. and Brachypodium pinnatum (L.) P.B. was altered when
inoculated with different isolates of G. intraradices. To cover as much of the detected genetic
diversity of this population as possible, we chose 6 isolates that were phenotypically and
genetically the most different in a previous study (Koch et al. 2004). The seeds of the host
plants were obtained from Fenaco (Winterthur, Switzerland). Seeds of the two host species
were surface sterilised in 6% bleach for 10 min, rinsed three times with sterile water and put
on seed trays with moist vermiculite for germination in the greenhouse on 27th August 2002.
140 pots (10.5 cm diameter X 8 cm high) were filled with 450ml of a 1:1:1 (vol:vol:vol)
mixture of a previously sieved (5mm mesh width) high nutrient brown soil from an old field
on the campus of the University of Lausanne (2684, 2.4 and 27 µMol*l-1 N, soluble P and K,
respectively), washed sand and pure quartz sand (1mm). The soil mixture was steam
autoclaved twice at 120ºC two weeks before planting. On 8th September 2002 seedlings of
similar size of either of the two host species were transferred to 70 pots that had been well
watered. Two seedlings of the same species were transplanted per pot. Each seedling was
inoculated with 0.2 ml spore suspension that contained 500 spores of one of the isolates A4,
B1, B3, C2, C3 and D1, NM plants received 0.2 ml tap water. The spores used as inoculum
were previously grown for 4 months with transformed carrot roots on split plates, and the
cultures were kept under identical conditions for several years to eliminate maternal effects
(Koch et al. 2004). After 16 d of growth the smaller of the two seedlings was removed. This
resulted in 10 replicate pots for each isolate and NM treatment for each plant species. Each
pot was watered every other day with 30ml tap water. Day length was 16 h, supplemented
with artificial light when necessary. The temperatures ranged between 18º C and 30º C. The
position of the individual pots was randomised weekly. The shoots of all plants were
harvested 100 d and 200 d after inoculation. This was done by cutting off all plant tissue 1 cm
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from the base of the shoot. This ensured re-growth by remaining meristems. At the final
harvest, after 300-310 d growth, the shoot of each host plant was separated from the roots and
the roots were carefully washed. After recording the fresh weight of the roots, a small root
sample was cut and stored in 50% ethanol and the remaining fresh weight of the roots was
recorded. At all harvests shoots and roots where separately dried at 80º C for 2 d and then
weighed. The stored root samples were stained with Trypan Blue as described in Munkvold et
al. (2004) and inspected for AMF colonisation. All plants survived to the end of the
experiment and none of the NM plants showed any AMF colonisation. All plants that
received inoculum were clearly colonised by AMF.
Experiment 4: The effect of different isolates on plant growth under two watering
regimes
The aim of this experiment was to test whether the same set of isolates used in Experiment 3
also altered plant growth in conditions where there was a main positive effect of AMF
inoculation on plant growth. In order to achieve this, we set up two different watering regimes
to test whether differences in soil moisture influenced AMF dependency on plant growth. The
experimental procedures in Experiment 4 were as in Experiment 3, except where indicated.
The substrate mixture consisted of 3:2 (vol:vol) Terra Green (Oil Dry US Special, Maag
Technic SA, Crissier, Switzerland) and pure quartz sand to which we added 4% (vol) of the
same soil as in Experiment 3. Single seedlings were inoculated and transplanted on 29th
February 2004, using the same 6 AMF isolates, a NM treatment, and the same two 2 host
species. For each host species and each AMF isolate and the NM treatment 16 replicate pots
were used in the experiment. Day length was set at the natural day/night rhythm. Each pot
was previously filled with 325g of dried substrate and watered to water holding capacity
(WHC) and later to 40-55% of WHC. In addition, 8 replicate pots were established with each
of the same two host plant species and each of the isolates A4, B3, and C2 and NM plants.
These plants received an increased water regime where soil moisture was kept between 70%
and 100% of WHC. All plants were watered with de-ionised water (Option 1, Lab Services
AG, Wohlen, Switzerland). After three months, each pot was fertilised once with 10 ml of full
strength Hoagland solution containing no phosphorous and the K concentration was adjusted
by adding KCl. After 4 months all shoots were harvested. The pots were subsequently stored
in a cold room at 4º C. All the roots were washed and weighed within the following three
weeks. One plant died during the experiment and in roots of 4 plants where inoculum was
added no fungal colonisation was observed. These 5 individuals were removed which left data
from 283 plants for the analyses.
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Statistical analyses
In Experiment 1, data were analysed using a nested ANOVA model with the main factors
tillage treatment, plot (nested in treatment), isolate (nested in plot) and inoculation (plate
nested in isolate), as in Koch et al. (2004). In the results, only significant main effects are
given. In Experiment 2, data were analysed using a crossed 2-way ANOVA with treatment
and isolate as main fixed factors. The analyses were carried out separately for the different
phosphorous and sucrose treatments and the root growth data was analysed both with and
without NM roots. In Experiment 1 and 2 Pearson’s correlation coefficient was calculated for
comparison of different growth variables. The data of Experiments 3 and 4 were also analysed
with a crossed 2-way ANOVA with both host species and isolate as fixed factors. To test
whether the overall growth of NM plants differed from AMF inoculated plants, all the isolates
were pooled. In order to test for an AMF isolate by plant species interaction, NM plants were
omitted from the analysis. In Experiment 4, data were analysed separately for the two water
treatments. Variables were transformed, if necessary, to meet the requirements of the
statistical tests (Zar 1984). All analyses were performed with the statistical programs JMP 5.0
(SAS Institute Inc.) and R version 1.8.0 (R Development Core Team, 2003, www.R-
project.org).
Results
Experiment 1: The effect of different isolates on host root growth
After 15 wk growth the length of transformed carrot roots differed significantly among
isolates, with up to 15% difference in root length among different AMF isolate treatments
(ANOVA, F12,46 = 3.28, P < 0.01, Fig. 3.1). The maximal rate of root growth showed a similar
pattern and was positively correlated with final root length (r = 0.76, P < 0.0001, data not
shown). The maximal hyphal growth rate was negatively correlated with both the maximal
rate of growth of the roots (r = -0.13, P < 0.05) and the growth rate of the roots at the time of
maximal hyphal growth (r = -0.19, P < 0.01).
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Fig. 3.1 Mean final length of transformed D. carota roots after 15 weeks of growth in M
medium and inoculated with 16 different single spore isolates of the AMF G. intraradices.
Error bars represent +1 SE.
Experiment 2: The effect of nutrient availability on host root growth decreased 
Growth of transformed carrot roots was significantly altered by both the reduced phosphorous
concentration and the different AMF isolates (F2,162 = 5.23, P < 0.01 and F4,162 = 9.07, P <
0.0001, respectively, Fig. 3.2a). There was no significant P-concentration by isolate
interaction, indicating that root growth in the different phosphorous treatments responded in
the same way with each of the different AMF isolates. The results were qualitatively the same
when the NM roots were excluded from the analysis. Final hyphal length and spore density
also differed among AMF isolates (F3,129 = 65.67, P < 0.0001 and F3,129 = 45.85, P < 0.0001,
respectively, Figs. 3.2b and c) and among P-concentrations (F2,129 = 5.64 , P < 0.01 and F2,129
= 7.68, P < 0.001 for the two variables, respectively) with no significant interaction terms.
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Fig. 3.2 (a) Mean final length of transformed D. carota roots, (b) mean hyphal length and (c)
mean spore density of 4 G. intraradices isolates. Transformed D. carota roots were each
colonised with one of 4 genetically different AMF isolates of G. intraradices (solid circle A4,
black triangle B3, open circle C3, cross D1) or nonmycorrhizal (open squares). The roots
were grown on 5 different media; Standard M medium (M), M medium with phosphate
reduced to 50% (P50), phosphate reduced to 25% (P25), sucrose reduced to 50% (S50) and
sucrose reduced to 25% (S25). Although data from phosphorous and sucrose treatments are
graphed together, the black shaded triangles below each graph indicate that ANOVAs were
performed separately for the different phosphate and sucrose concentrations and both
analyses included the standard M medium. Different letters left of symbols of the same
medium composition indicate a significant difference (P < 0.05) according to the Tukey-
Kramer honest significant test (HSD, P<0.05).
Growth of transformed carrot roots decreased considerably with the reduced sucrose
concentrations (Fig. 3.2a, F2,142 = 247.35, P < 0.0001 and F2,109 = 209.07, P < 0.0001, with
and without NM roots, respectively). Root growth also differed among isolates (F4,142 = 7.00,
P < 0.0001 and F3,109 = 8.87, P < 0.0001, with and without NM roots, respectively, Fig. 3.2a).
The growth of NM roots was lower than inoculated roots in M medium. However, the growth
of NM roots was higher than some AMF inoculated roots in medium with lowered sucrose
concentration which resulted in a significant sucrose concentration by AMF isolate interaction
(F 8,142 = 2.79, P < 0.01, Fig. 3.2a). The interaction term was not significant when the NM
roots were omitted from the analysis. Hyphal length and spore density differed among isolates
(F3,109 = 17.44 , P < 0.0001 and F3,109 = 11.08, P < 0.0001, respectively, Fig. 3.2b and c).
Hyphal length and spore density also differed greatly in the different sucrose concentrations
(F2,109 = 207.41, P < 0.0001 and F2,109 = 230.73, P < 0.0001, respectively) with growth being
much lower at low sucrose concentrations compared to the M medium. There was no
significant AMF isolate by sucrose concentration interaction for either variable.
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When all isolates were pooled, hyphal length and spore density were positively correlated in
each of the 5 treatments of different nutrient availability (P < 0.0001, for all 5 treatments).
However, there were significant negative correlations between hyphal and root length on M
medium (r = -0.37, P < 0.05) and between spore density and root length on M medium (r = -
0.34, P < 0.05) and in the S50 treatment (r = -0.32, P < 0.05)
Experiment 3: The effect of different isolates on total dry weight of two host species
After 10 months of growth in the green house there was no significant effect of mycorrhizal
inoculation on the total dry weight of either plant species when comparing AMF inoculated
with NM plants (Fig. 3.3). However, inoculation with different AMF isolates significantly
altered the total dry weight of the plants (F5,108 = 4.50, P < 0.0001, Fig.3.3). The total dry
weight of B. pinnatum plants was greater than that of P. vulgaris (F1,108 = 44.82, P < 0.0001)
and there was no significant isolate by host interaction. All plants that received AMF
inoculum were clearly colonised and no AMF colonisation was observed in any of the NM
plants. The P. vulgaris plants inoculated with isolate B1 tended to be smaller than plants
colonised with other G. intraradices isolates as well as non-mycorrhizal plants at all three
harvests. In contrast, at all three harvests B. pinnatum plants colonised with isolate B3 were
larger than plants colonised with the other isolates and NM plants (data not shown). The total
dry weight of the roots was strongly correlated with the total dry weight of the shoots for both
host species (r = 0.84, P < 0.0001 and r = 0.82, P < 0.0001 for B. pinnatum and P. vulgaris,
respectively).
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Fig. 3.3 Mean total dry weight of plants that were inoculated with 6 genetically different G.
intraradices isolates (A4, B1, B3, C2, C3 and D1) or left uninoculated (NM) after a growth
period of 10 months. Two host species, Brachypodium pinnatum (black shading) and Prunella
vulgaris (unshaded), were used in the experiment. Error bars represent +1 SE and different
letters above bars of the same plant species indicate a significant difference (P < 0.05)
according to the Tukey-Kramer HSD test.
Experiment 4: The effect of different isolates on plant growth under two watering
regimes
At the end of Experiment 4, the roots of all plants that had received AMF inoculum were
colonised with AMF and none of the NM plants were colonised with AMF. In contrast to
Experiment 3, AMF colonised plants grew significantly larger than NM plants after a growth
period of 4 months under dry conditions (F1,215 = 146.42, P < 0.0001, Fig. 3.4a). The AMF
growth enhancement was greater for P. vulgaris than B. pinnatum. Plants colonised with
isolate C2 were larger than plants colonised with isolate C3 and overall the AMF isolates
significantly altered final total plant dry weight (F5,175 = 3.01, P < 0.05) with no significant
host effect and isolate by host interaction. Mycorrhizal B. pinnatum plants had a significantly
higher root to shoot ratio than P. vulgaris (F1,175 = 185.98, P < 0.0001, Fig. 3.4b) and there
was no significant isolate effect or isolate by host interaction. The absence of a significant
isolate by host interaction indicates that the growth response of the two plant species did not
differ according to which isolate they had been inoculated with. Under wetter growth
conditions the plants grew larger than under dry growth conditions (Fig. 3.4a and c). Plants
inoculated with AMF were colonised and tended to be larger than the NM plants which were
not colonised with AMF (F1,60 = 2.80, P < 0.1, Fig. 3.4c), but there were no significant isolate,
host or interaction effects.
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Fig. 3.4 (a) Mean total dry weight and (b) root to shoot ratio of plants that were inoculated
with 6 genetically different G. intraradices isolates (A4, B1, B3, C2, C3 and D1) or left
uninoculated (NM). Values were at the final harvest 4 months after inoculation and under dry
growth conditions (40-55% of soil water holding capacity, n = 219). (c) Mean total dry weight
of NM plants and plants inoculated with 3 AMF isolates (A4, B3 and C2) and 4 months after
inoculation, under wet growth conditions (70-100% of WHC, n = 64). Two host species,
Brachypodium pinnatum (black shading) and Prunella vulgaris (unshaded), were used in the
experiment. Error bars represent +1 SE and different letters above bars of the same plant
species indicate a significant difference (P < 0.05) according to the Tukey-Kramer HSD test.
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Discussion
Our results (Experiments 1 to 4) show that genetically different individuals of G. intraradices
from a population originating from one field alter plant growth. Using an artificial study
system where AMF isolates grow with transformed carrot roots we found, in both
Experiments 1 and 2, that genetically different AMF isolates significantly influenced root
length of transformed D. carota. The results from Experiment 2 additionally show that
altering the environment can result in AMF colonisation that is costly for the plant. We also
conducted two experiments in the greenhouse where, in both cases, genetically different AMF
isolates significantly altered plant growth. In Experiment 3, even though there was no overall
mycorrhizal benefit of the plants (comparison of NM with AMF inoculated plants) genetically
different AMF isolates resulted in differential plant growth. Costs of AMF colonisation were
also seen for P. vulgaris plants colonised with one isolate. In Experiment 4, where all AMF
isolates enhanced plant growth compared with NM plants, different isolates also altered plant
growth.
In this study we have shown that significant functional variability exists in an AMF
population. The study by Munkvold et al. (2004) showed large differences in plant
phosphorous uptake which were caused by isolates from different geographic origins.
Compared with our study, the AMF isolate effects observed by Munkvold et al. (2004) appear
larger and this points to the fact that the origin of an isolate also plays an important role. It is
also possible that the genetic differences among AMF individuals used by Munkvold et al.
(2004) from different regions were larger than the genetic differences among individuals
within the population used in our study. Koch et al. (2004) have already shown spatial genetic
structure in an AMF population. Combined with our results here, and the findings of
Munkvold et al. (2004), this suggests that both genetic and functional diversity in AMF
species is spatially structured both within and among populations. A sampling scheme of
AMF populations from a local to a regional or even global scale would be required to address
the question of how functional and genetic diversity is related to different spatial scales. Only
by sampling several individuals, of several species and genera from one community would it
be possible to address the question at what taxonomic level most functional AMF diversity is
explained. To our knowledge, no such experiment has yet been performed, but the results
from Hart & Klironomos (2002) indicate that variation between AMF genera is higher than
within the genus Glomus.
Chapter 3 Functional variability in an AMF population
57
In Experiment 2, reduction of two key nutrients (phosphate and sucrose) in the growth
medium decreased root and fungal growth, but the effects were much stronger when sugar
was limiting. Under such limiting conditions of reduced sucrose availability AMF colonised
roots had a reduced root length compared with NM roots. This indicates that there are costs of
the symbiosis for the plant roots under these environmental conditions. This is also supported
by negative correlations between root and fungal growth in both Experiment 1 and 2. In
Experiment 2, however, this was only the case on the M medium (highest nutrient
availability) and in the S50 treatment (50% reduced sucrose availability). This indicates that
nutrient availability influences costs and benefits as well as potential conflicts between the
growth potential of host and fungal symbionts. These findings also suggest that the host plant
does not strictly control the symbiosis because AMF colonisation continued under decreased
resource availability despite increased costs to the host. However, overall fungal and root
growth were reduced under decreased resource availability, but the growth reduction on
fungal growth appear larger than that of roots in the treatment of lowest sucrose availability.
This indicates that there are thresholds of nutrient availability allowing sustainable growth of
both symbionts. This culture system is, therefore, ideal to further investigate the conditions
and consequences of AMF and host root co-existence in controlled experiments. The fact that
we detected no significant AMF isolate by environment effect in Experiment 2 indicates that
the genetically different isolates did not differentially effect root growth in these treatments of
reduced sucrose and phosphate availability. However, it is still possible that other AMF
isolates from this population, that were not used in this study, could differentially modify their
growth in response different environments. There was also no significant host species by
AMF isolate interaction in either Experiment 3 nor 4 indicating that these isolates did not
have specific host species affinities that resulted in differential plant growth. Evidence for
selection for similar phenotypes in this AMF population (Koch et al. 2004) could explain
similar function and thus the relatively consistent performance of the isolates.
Our results are also interesting in light of the fact that the AMF isolates used in this study all
come from an agricultural field. There is evidence showing that AMF from nutrient rich
environments such as fertilised soils tend to be less efficient symbionts (Johnson 1993). While
overall there was no AMF inoculation effect in Experiment 3, one AMF isolate (B1)
significantly reduced plant growth of Prunella vulgaris, but had no such drastic negative
effect on the second host species B. pinnatum. In Experiment 4, where the soil mixture was
poorer in nutrients and the growth conditions drier, all G. intraradices isolates used enhanced
plant growth showing that all these individuals have maintained functions which can be
beneficial to their hosts. It will be interesting to further investigate whether and how
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environmental differences or different host species influence, interact with or possibly
maintain the genetic diversity present in AMF populations.
In general, however, the AMF symbiosis is thought to be mutualistic as it can improve plant
growth and nutrient acquisition, protect hosts from pathogens, alter host-herbivore
interactions, and increase plant drought tolerance (Newsham et al. 1995a; Smith & Read
1997; Auge 2001; Gange et al. 2003; Garmendia et al. 2005; Kula et al. 2005). Nevertheless,
plants that form the AMF symbiosis often have no growth benefit or even a reduced growth
(Johnson et al. 1997; Jifon et al. 2002; Klironomos 2003; Kytöviita et al. 2003; Brundrett
2004). The frequent observation of commensal or parasitic AMF-plant interaction could also
be an insurance policy for plants, as in an unpredictable and changing environment short term
costs of plants could be outweighed by long-term net benefits. Our results show that genetic
variability in an AMF population cause a range of different outcomes of plant growth which
also depend on environmental conditions. We conclude that intraspecific variability and
genetic diversity in AMF populations cause variation in plant growth which could also be
ecologically relevant on the ecosystem level and be important for the development of potent
AMF inocula for successful restoration of plant communities.
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Chapter 4
Host species and nutrient availability differentially alter
fitness-related traits of individuals from an AMF population
Alexander M. Koch, Martine Ehinger, and Ian R. Sanders
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Abstract:
Arbuscular mycorrhizal fungi (AMF) are ecologically important plant symbionts because they
can enhance plant phosphorous uptake and floristic diversity. These fungi are obligate
biotrophs. They grow clonally and occur in most terrestrial ecosystems. They are thought to
be generalists because they exhibit a wide host range and can form symbioses with roots of
many plant species at the same time. Previous work has shown that different G. intraradices
isolates from the same population, not only differed genetically, but also alter plant growth.
Furthermore, phenotypic differences among isolates were due to genetic differences showing
that there is heritable variation in fitness-related growth traits in AMF populations, i.e. the
prerequisites for selection are fulfilled. In this work we tested whether there is a significant
AMF genotype by environment interaction for fitness related fungal growth traits to address
the question whether environmental heterogeneity in biotic and abiotic factors differentially
affect fungal growth. Two experiments were performed where genetically different isolates of
the AMF G. intraradices were grown in different environments for several generations. In the
first experiment, AMF were cultured in an axenic culture system with treatments of different
phosphate availability and in a second experiment with transformed roots of three different
host species. In both experiments significant AMF isolate by environment interactions in
AMF fitness-related growth traits were found. The results suggest that environmental
heterogeneity as well as plant species diversity could be important for the maintenance of
high genetic diversity in AMF populations by differential local selection.
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Introduction
Most organisms live in environments which are heterogeneous in space or time. Most
populations, however, comprise individuals which are genetically diverse and a key question
in evolutionary genetics is to understand how genetic variation is maintained in populations.
Sexual reproduction can maintain high genetic diversity, be advantageous because some of
the genetically diverse offspring are likely to be well adapted to a given environment (Zeyl &
Bell 1997; Colegrave et al. 2002; Goddard et al. 2005). However, many species reproduce
clonally and some populations of asexual organisms also exhibit remarkably high genetic
diversity (Welch & Meselson 2000; Cywinska & Hebert 2002; Schon & Martens 2003).
Genetic diversity in asexual populations can only, in the absence of gene flow from other
populations, be increased by new mutations. In a heterogeneous environment diversity of
genotypes can be maintained in situations where no single genotype can simultaneously out-
compete all other genotypes in all contrasting patches of the habitat. Maintenance of genetic
variation may be frequently driven by environmental heterogeneity and can ultimately lead to
ecological specialisation of different geno- or ecotypes or local adaptation as shown by
crossing reaction norms for fitness in reciprocal transplant experiments (Hedrick 1986; Galen
et al. 1991; Bennington & McGraw 1995; Kindell et al. 1996; Linhart & Grant 1996; Bell &
Reboud 1997). In Chapter 2 it was shown that a field population of arbuscular mycorrhizal
fungi (AMF), a group of clonally growing and putative asexual organisms, comprised
genetically different individuals (Koch et al. 2004). The focus of Chapter 4 is to address the
question whether environmental heterogeneity could enhance maintenance of genetic
diversity in AMF populations.
AMF are ubiquitous in soils of most terrestrial ecosystems. The fungi are obligate biotrophs
and form symbioses with roots of the majority of plant species (Smith & Read 1997). The
AMF symbiosis is ecologically important because the fungi frequently improve plant nutrient,
and especially phosphorous, acquisition and promote floristic diversity (Grime et al. 1987; Lu
& Koide 1994; Harrison 1997). The symbiosis is over 400 million years old and may have
facilitated the colonisation of land by plants (Redecker et al. 2000). AMF are coenocytic
organisms; their hyphae lack septae and AMF individuals harbour genetically different nuclei
in a common cytoplasm (Kuhn et al. 2001; Hijri & Sanders 2005). The fungi grow and
reproduce clonally by hyphae and spores and in the absence of any sexual structure in their
life-cycle, they are putative asexuals (Judson & Normark 1996). However, more recently
some molecular evidence for recombination has been found (Kuhn et al. 2001; Gandolfi et al.
2003).
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Most species of AMF appear to be generalists because AM fungi can colonise roots of many
different host species at the same time and are able to grow in many different environments
(Smith & Read 1997; Giovannetti et al. 2004). However, many AMF species differ in their
growth (Hart & Reader 2002) and can differentially alter plant growth (Streitwolf-Engel et al.
1997; van der Heijden et al. 1998a; van der Heijden et al. 2003). Different AMF species also
significantly altered clonal growth of different P. vulgaris genotypes from a population
(Streitwolf-Engel et al. 2001). However, in the study of Streitwolf-Engel (2001) there was no
significant plant genotype by AMF species interaction suggesting that the different AMF had
no differential growth effect on host genotypes. Because of differences in how different plant
species responded to different AMF, increasing AMF species diversity also enhanced plant
species diversity and ecosystem productivity (van der Heijden et al. 1998b). Vice versa, the
fitness of AMF species is differentially altered by host plant species (Sanders & Fitter 1992;
Bever 1994) and, therefore, plant species diversity can also influence AMF diversity
(Burrows & Pfleger 2002a, b). Patterns fitting this are also seen in natural ecosystems where
plant and AMF species diversity were positively correlated (Landis et al. 2004). Thus the
interactions among plant host and AMF communities are complex and both positive and
negative feedbacks between plants and soil microbes alter or potentially enhance the plant and
AMF species diversity in natural ecosystems (Bever 2002; Klironomos 2002).
Much less attention has been paid to factors maintaining diversity of AM fungal populations.
Indeed, it has only recently become apparent that AMF populations are quite diverse
phenotypically and genetically (Bever & Morton 1999; Pringle et al. 2000; Koch et al. 2004;
Pawlowska & Taylor 2004; Stukenbrock & Rosendahl 2005). The study of Koch et al. (2004)
found, not only large genetic variation, but also large and probably heritable differences in
extraradical hyphal growth and spore production among isolates of Glomus intraradices.
Differences among AMF isolates of the same species were also shown to alter plant nutrient
uptake (Munkvold et al. 2004; Gamper et al. 2005). Munkvold et al. (2004) found that
isolates from geographically distant origins altered plant phosphorous uptake and Gamper et
al. (2005) showed that different AMF individuals isolated from the same field site
significantly differed in growth traits such as hyphal production. However, in both of these
studies, the fungal material was not propagated in an identical environment for several
generations so that it is still unclear to what degree the observed among-isolate differences are
explained by genetic differences, environmental or maternal effects. Although the
intraspecific differences obeserved by Munkvold et al. (2004) and Gamper et al. (2005) could
partly or entirely be due to genetic differences, the large phenotypic differences among G.
intraradices isolates observed by Koch et al. (2004) clearly had a genetic basis. Despite the
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increasing awareness of the level of intra-specific genetic variation in AMF populations, the
question of what mechanisms might enhance or maintain genetic diversity has to date not
been addressed. In light of the “generalist” growth strategy of most AMF, it is possible, that
fitness of genetically different isolates occurring in the same population is differentially
altered in by different host plant species or environments that differ in nutrient availability
and this could act as a mechanisms maintaining diversity.
In Chapter 3, the genetic differences among isolates of G. intraradices were shown to cause
variation in plant growth, both in an axenic system, and in two greenhouse experiments (Koch
et al. in press). This shows that some genetic variation in this AMF population affects the
symbiosis with and growth of plants. Because variation in hyphal growth and spore
production are related to fungal fitness (Pringle & Taylor 2002), the pre-requisites for
selection are fulfilled. Extraradical AMF hyphae are also thought to be important for plant
water uptake and the acquisition of nutrients (Jakobsen et al. 1992; RuizLozano & Azcon
1995). Therefore, hyphal growth and spore production are probably under selection and
variation in these traits is likely to be of ecological and evolutionary importance. However, in
the experiments of Koch et al. (2006) the isolates used did not differentially alter growth of
two host plant species in the greenhouse, and there was no evidence for a significant AMF
isolate by nutrient availability interaction for either host root or fungal growth. However, the
environmental conditions in these experiments had only been changed over one generation
and the chosen conditions and isolates may not have been appropriate to detect any such
effects.
The aim of the present study was to further investigate how fungal growth of genetically
different isolates was altered in contrasting biotic and abiotic environments. In two separate
experiments the phosphate availability and the host plant species were varied because AMF
can colonise the roots of many different plant species and alter phosphorous uptake of their
hosts. More specifically, we tested whether there was a significant AMF genotype by
environment interaction for fungal fitness-related growth traits. Using genetically different G.
intraradices isolates that all originate from the same field population two experiments in an
axenic culture system were set up (Becard & Fortin 1988). In Experiment 1, the same 4
isolates as in the Experiment 2 of Chapter 3 were used (Koch et al. in press) and the fungi
were grown in treatments where the phosphate availability of the culture medium was greatly
reduced (100x and 1000x times, respectively) compared with the standard growth conditions.
In Experiment 2, three of the genetically most different isolates (as determined by Koch et al.
2004) of G. intraradices were cultured with transformed roots of three different plant species.
In both experiments, root and hyphal length as well as spore density were measured at the end
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of the fourth growth period in these contrasting environments to test whether there was a
significant AMF genotype by phosphate availability or genotype by environment interaction
in fungal growth.
Materials and Methods
The single spore isolates of the AMF Glomus intraradices that were used in the present work
have been collected from an agricultural field site that was used in a long-term experiment in
Tänikon, Switzerland (Anken et al. 2004; Koch et al. 2004). Prior to the start of the
experiments the fungi were propagated for more than three years under identical and
standardised conditions in an axenic culture system with a clone of transformed D. carota
roots (Koch et al. 2004). Because of culturing in an identical environment for several years,
differences in fungal growth among isolates due to environmental and maternal effects have
been minimised and phenotypic differences among isolates are assumed to have a heritable
genetic basis. The nomenclature of the fungi used in Experiment 1 and 2 is as in Koch et al.
(2004), where different letters indicate that the isolates were sampled from different field
plots, and different numbers are different single spore lines, sampled from the same plot. 
Experiment 1: The effect of decreased phosphate availability on clonal growth of AMF
and transformed D. carota host roots
Four isolates were cultivated with a clone of transformed D. carota roots either on the
standard M medium (Becard & Fortin 1988) or on two different media with reduced
phosphate availability to test how the growth of the host roots and four genetically different
fungal isolates were altered in these contrasting environments. The concentration of the
potassium phosphate in the growth medium was reduced to 1% and 0.1%, respectively,
compared with the standard M medium. The four G. intraradices isolates were the same four
AMF isolates than used as in Experiment 2 of the study of Koch et al. (2006) (Chapter 3), i.e.
single spore lines A4, B3, C3 and D1. The reduced amount of potassium was compensated by
adding the equivalent amount of K in form of KCl to the medium. The treatments are
abbreviated as M (standard), P1 and, P0.1 for the treatments with reduced phosphate
availability. For each isolate and uninfected D. carota roots (controls) 20 parental plates were
used to inoculate 12 new replicate plates for each of the three treatments, i.e. 36 new plates in
total per isolate. The 4 isolates and the controls were re-cultured 2 times and after 15 weeks of
growth, for each treatment and isolate 15 regular plates were inoculated. After 5 months of
growth of the normal plates, at the end of the 4th generation, root length, hyphal length and
Chapter 4 AMF genotype by environment interactions
65
spore density of each plate was measured as previously described (Koch et al. 2004; Koch et
al. in press). Contaminated plates or plates with no AMF hyphal growth were removed from
the statistical analyses and this reduced the total number of plates from 225 to 214 (42 control
plates and 172 plates with AMF colonised roots).
Experiment 2: The effect of host species identity on growth of three AMF isolates
The three AMF single spore isolates B3, C2 and C3 were used in Experiment 2 because they
represent the phenotypically and genetically most different isolates of the AMF population
studied by Koch et al. (2004). For each of the three isolates, 9 spore clusters (each containing
about 20-50 spores) from one well grown split plate (15 weeks old) were used as the initial
inoculum (Fig. 4.1). For each of the three isolates the nine spore clusters were individually
transferred onto nine new plates containing standard M medium. For each of the three
isolates, transformed roots of Daucus carota (carrot), Medicago truncatula (strong-spined
medic) and Solanum tuberosum (potato) were put on top of spore clusters of three randomly
chosen plates. In that manner, 27 plates were obtained, each of which was subsequently sub-
cultured (Fig. 4.1). The clonal progeny of each of these 27 plates is hereafter referred to as a
line. Each line was re-cultured after 15 wk of growth onto new plates and with roots of the
same host plant species. At the end of the second growth period the plates of each line were
used to inoculate as many split plates as possible (8 to maximal 16; Fig. 4.1). The
compartments of these split plates that contained AMF colonised roots were then used to
inoculate 12 new plates of each line. For each plate root length, hyphal and spore density were
measured 13 weeks later. Unlike Experiment 1, root length was measured using the same
technique as used for measuring hyphal length, at 8 randomly chosen locations on each plate.
Contaminated plates or plates with no fungal growth were discarded from the analysis. This
left a total of 264 plates, with a minimum of 6 replicate plates per line. The transformed D.
carota roots were the same clone as in Experiment 1. The transformed hairy S. tuberosum
roots and M. truncatula roots are both clones that we kindly obtained from the research
groups of Marcel Bucher (ETH Zürich, Switzerland) and Guillaume Bécard (CNRS,
University Paul Sabatier, Toulouse, France), respectively. All culturing was done on plates
containing standard M medium (Becard & Fortin 1988). 
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Fig. 4.1 Experimental design of Experiment 2. (For details see Materials and Methods.)
Statistical analysis
For data analysis of both experiments analysis of variance (ANOVA) was performed on the
variables root length, hyphal length, spore number and spore number per hyphal length. To
test whether there was an overall mycorrhizal inoculation effect on root length in Experiment
1, all isolates where pooled for each of the three phosphorous treatments. A crossed two-way
ANOVA with the main fixed factors phosphorous treatment (three levels) and AMF infection
(two) levels was calculated, using the measurements from a total of 214 replicate plates. To
test whether there were any significant AMF isolate, phosphate treatment or isolate-by-
phosphate treatment (I×PT) interaction effects, only the data of the plates where the roots
where colonised with AMF were included in the analysis. Multiple analysis of variance
(MANOVA) was performed on the three fungal growth traits hyphal length, spore density and
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spore number per hyphal length in a crossed model with the main factors AMF isolate (four
levels) and phosphorous treatments (three levels) to test for overall genotype, phosphorous
treatment and I×PT interaction effects. Subsequently the three variables of fungal growth and
the root growth were separately analysed by a crossed two-way ANOVA with AMF isolate
and phosphorous treatment as fixed main factors. To meet the requirements of the statistical
tests, the following transformations of the fungal growth variables were used: Box-Cox
(hyphal length), square root (spore density + 1) and Log10(x+1) for spore number per hyphal
density (Sokal & Rohlf 2000).
In Experiment 2, analysis of the same 4 growth variables as in Experiment 1 was performed
by ANOVA in two different ways. Because of the experimental design (fully crossed factorial
design with replicate lines) each variable was analysed using a mixed-model ANOVA with
three factors. The random factor line (27 levels) was nested in the two crossed main factors
AMF isolate (three levels), host species (three levels), and the isolate-by-host (I×H)
interaction. To calculate the F-statistics, the mean squares (MSs) of the two main factors and
the interaction term where divided by the MSs of the line. Only the MSs of the factor line was
divided by the MSs of the residual error to calculate the appropriate F-value. In case where
there was no significant line effect (P > 0.5), the factor line was removed from the model,
which was then reduced to a crossed two-way ANOVA with two fixed factors. In a second
analysis, each of the 27 lines was considered as a replicate. For each of the 27 lines the
average value of the replicate plates were calculated for each of the 4 growth variables. This
reduced the data set to three replicates for each isolate-host combination. The data of the three
fungal growth variables was then analysed by MANOVA and ANOVA (same three fungal
traits and root length) using a model with the two crossed fixed main factors AMF isolate and
host species. The two different ways of analysing the data resulted in qualitatively similar
results for the main and the interaction effects for all variables analysed. For reasons of
simplicity, therefore, only results of the latter method are presented in the results section.
Pearson’s correlation coefficient was used to calculate correlations among different growth
variables. All statistical analyses were performed with the programs JMP 5.0 (SAS Institute
Inc.) and R version 2.0.1 (R Development Core Team, 2003, www.R-project.org).
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Results
Experiment 1: The effect of decreased phosphate availability on clonal growth of AMF
and transformed D. carota host roots
After five months of growth, phosphate availability significantly altered root length (F2,208 =
9.39, P < 0.0001, Fig.4.2a). Root length in the P1 and P0.1 treatments was reduced compared
with the standard treatment. Overall, the length of roots colonised by AMF did not
significantly differ from nonmycorrhizal control roots. (F1,208 = 2.02, P = 0.16, Fig. 4.2a).
However, there was a significant AMF infection by phosphate treatment interaction (F2,208 =
3.98, P = 0.0201). In the treatment with the lowest phosphate availability AMF inoculated
roots grew significantly less than the nonmycorrhizal control roots (Fig. 4.2a). The length of
AMF colonised roots also differed significantly among the phosphate treatments, but there
was only a marginally significant isolate effect on root length (Fig. 4.2b, Table 4.1a).
However, there was a significant AMF I×PT interaction on root length (Fig. 4.2b, Table 4.1a).
In the P1 treatment, roots colonised with the isolates D1 and B3 grew more than roots that
were inoculated with the isolates A4 and C3, whereas in the treatment of lowest phosphate
availability root colonised by the isolates D1 and B3 grew less than with the isolates A4 and
C3 (Fig. 4.2b).
Fig. 4.2 Root length of Daucus carota roots after 5 months of growth in three treatments of
different phosphate availability of Experiment 1. a) Mean root length of AMF-free control roots
(solid squares) and AMF infected roots (all isolates pooled, open squares) and b) mean root
length of roots grown with 4 genetically different AMF isolates (filled circles: A4; filled
triangles: B3; open circle: C3; cross: D1). Different letters left of symbols indicate means
which are significantly different within a treatment according to Tukey’s HSD test (P<0.05).
For details and ANOVA results see text and Table 4.1a.
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MANOVA revealed that there was no significant overall phosphorous treatment effect on
fungal growth (Pillai’s Trace = 0.0546, approximated F6,318 = 1.49, P = 0.18). However, the
isolates differed in their growth (Pillai’s Trace = 0.9679, approximated F9,480 = 25.40, P
<0.0001) and there was a significant AMF I×PT interaction (Pillai’s Trace = 0.1811,
approximated F18,480 = 1.71, P =0.0339). Separate ANOVAs of spore number, hyphal length
and spore number per hyphal length showed that the isolates significantly differed in these
growth traits (Fig. 4.3, Table 4.1a). However, these three fungal variables did not significantly
differ among the phosphate treatments, but there was a significant AMF I×PT interaction for
both the spore production and the spore number per hyphal length (Fig. 4.3, Table 4.1a).
There was only a marginally significant AMF I×PT interaction in hyphal length (Fig. 4.3,
Table 4.1a). There was a significant positive correlation of root and hyphal length in the P0.1
treatment (RPearson=0.5066, P<0.0002), while in the P1 and standard treatments the correlation
was negative (R = -0.3544, P<0.0060 and R = -0.0131, P>0.92).
Fig. 4.3 a) Spore number, b) hyphal length and c) spore number per hyphal length after 5
months of AMF growth in the three treatments of different phosphate availability of
Experiment 1. The symbols show the mean values of the growth traits of 4 genetically
different AMF isolates (filled circles: A4; filled triangles: B3; open circle: C3; cross: D1).
Letters left of symbols indicate means which are significantly different within a treatment
according to Tukey’s HSD test (P<0.05). For details and ANOVA results see text and Table
4.1a.
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Table 4.1 ANOVA results of a) Experiment 1 and b) Experiment 2. The F-ratios and levels of
significance of two-way ANOVAs are shown for each growth variable separately. Significant
effects are shown in bold.
Experiment 2: The effect of host species identity on growth of three AMF isolates
After thirteen weeks of growth, spore production, hyphal length and spore number per hyphal
length were significantly altered by both the AMF isolate as well as the three different host
species (Fig. 4.4a-c, Table 4.1b). On average, AMF spore and hyphal production were about 4
to 10 times higher the isolates were growing with S. tuberosum and D. carota roots than on
M. truncatula roots, and overall, more spores per hyphal length were formed with S.
tuberosum as host (Fig. 4.4a-c). There was a significant AMF I×H interaction for both spore
number and spore number per hyphal length (Fig. 4.4a and c, Table 4.1b). While fungal
growth did not significantly differ among the isolates on M. truncatula roots, on D. carota
roots, isolate C3 produced significantly more spores than isolate B3. On S. tuberosum,
however, isolate C2 produced about twice as many spores than the other two isolates. Isolate
C3 produced more hyphae than the other two isolates on all three hosts. There was only a
marginal AMF I×H interaction on hyphal length (Fig. 4.4b, Table 4.1b). The large differences
in AMF growth among the three traits can not be explained by the significant differences in
root length of the three host species (Fig. 4.4d, Table 4.1b). For example, M. truncatula, the
host species that promoted the least AMF growth, produced more roots than the other two
Chapter 4 AMF genotype by environment interactions
71
host species. Root length was neither altered by the AMF isolates nor was there a significant
AMF I×H interaction for this trait (Fig. 4.4d, Table 4.1b).
Fig. 4.4 a) Spore number, b) hyphal length and c) spore number per hyphal length and root
length after 13 weeks of growth in Experiment 2. Three genetically different isolates where
grown on transformed roots of three different host plant species. The symbols show the mean
of the mean of three lines for each isolate-host combination (filled triangles: B3; open crosses
C2; open circles: C3). Different letters left of symbols a host species indicate means which
are significantly different according to Tukey’s HSD test (P<0.05). For details and ANOVA
results see text and Table 4.1b.
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Discussion
In this Chapter, we have shown that differences in nutrient availability and different host
species differentially alter fitness-related growth traits of genetically distinct AMF isolates
that originate from the same field population. The isolate by environment interactions were
especially clear for the fungal growth traits spore production and spore density per hyphal
length. The extent of differential growth responses of the isolates was much larger among the
different host species than in treatments which differed in phosphate availability. These
findings suggests that a heterogeneous environment, and especially the co-occurrence of
different plant species in a community, are likely to be an important means to maintain high
levels of genetic diversity in AMF populations.
In Experiment 1, reduction of phosphate availability decreased the length of roots by more
than 10%. Roots colonised by AMF in the P0.1 treatment had significantly reduced root
length growth compared with non-mycorrhizal controls indicating that forming the symbiosis
with AMF was costly for the plants in these growth conditions. However, the magnitude of
the growth reduction of AMF colonised roots varied among the different levels of phosphate
availability and was differentially altered by the AMF isolates. The observed patterns suggest
that in the P0.1 treatment all AMF quickly may have sequestered large amounts of the
phosphate in the medium and that individuals that produced a dense mycelium had passed
more phosphate to the plants. While in the P1 treatment root growth was negatively correlated
with hyphal length in the P0.1 treatment this relationship was positive indicating that different
levels of phosphate availability altered cost/benefit ratios for the plants. Costs of the AMF
symbiosis in this axenic growth system have also been observed under conditions of reduced
sucrose availability (Koch et al. 2006). While under decreased sucrose availability, increased
hyphal growth was costly, the results of the present study suggest that increased hyphal
growth is beneficial under conditions of very low phosphate availability. In the present study,
the absence of a significant phosphate treatment effect on fungal growth indicates that the
isolates where not nutrient limited and that the fungi may have adapted to their environment
during the course of the experiment.In Experiment 2, different host species had a highly
significant and larger effect on the growth of three G. intraradices isolates compared with the
relatively small differences in fungal growth among the different phosphate treatments. The
strong AMF I×H interactions are noteworthy, because only a few AMF isolates and host
species were used. It also shows that host plant species differentially alter fitness-related
growth traits of genetically different G. intraradices isolates. To our knowledge, this is the
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first evidence of differential growth (in fitness related traits such as hyphal length or spore
production) of different AMF isolates from the same population on different host species.
In the field of origin, different agricultural treatments significantly changed the species
composition of the AMF communities, and tillage of soils had a more negative effect on AMF
species with large spores more than fast growing “weedy” AMF species with small spores,
such as G. intraradices (Jansa et al. 2002a; Jansa et al. 2003). However, Koch et al. (2004)
did not find any evidence for a genetic differentiation of G. intraradices sub-populations from
tillage and no-tillage plots. Thus, reproduction by spores seem to be important for survival
and re-growth for G. intraradices, especially in highly disturbed environments such as an
agricultural field. The large genetic differences among isolates and a spatial structure in the
population suggest that no single isolate was fittest in all microhabitats, because no single
genotype has become dominant. The significant AMF isolate by environment interactions
indicate, that environmental heterogeneity may locally favour genetically different AMF
isolates. Thus, variation in abiotic and particularly biotic factors could maintain high genetic
variability in AMF populations. Our results also suggest that crop rotation in agricultural
systems enhance, not only, AMF species diversity (Oehl et al. 2003), but potentially also
genetic diversity in AMF populations.
Differences in an isolates growth can also be interpreted as phenotypic plasticity which is
defined as the ability of a genotype to express different phenotypes in different environments.
Phenotypic plasticity is an important concept of evolutionary thinking and has received much
attention in the literature. Potentially there are high benefits of phenotypic plasticity because it
could allow individuals to develop into a optimal, or well adapted phenotype in a given
habitat. However, many phenotypic changes are not adaptive but rather passive responses to
the environment conditions. For example, resource limitation results in reduced growth. In
contrast, an active response requires the perception and transmission of specific
environmental cues to change the development and the resulting phenotype (van Kleunen &
Fischer 2005). The differential growth responses of the G. intraradices isolates used in
Experiment 1 and 2 give evidence of plastic growth responses. In Experiment 2, all isolates
had a much more reduced growth on M. truncatula hosts, as compared with the other two host
species. This is likely a passive response because M. truncatula seems to be a host of low
quality for all G. intraradices isolates tested. In contrast, the increased spore production of
AMF isolate C2 on S. tuberosum could be an active response because such an increase was
not observed in hyphal growth. The ratio of spore number and hyphal length is a relative
measure for how much the fungi invest into spores or hyphae. This ratio was relatively
constant in the isolate C3 on all hosts while isolates B3 and C2 invested relatively more in
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spores than hyphae on S. tuberosum than on D. carota host roots. This also suggests that there
is variation in the plasticity of some growth traits among these isolates and that 3.5years of
previous culturing on D. carota before the start of Experiment 2 allowed the AMF to maintain
genetic information which could be beneficial in another environment.
Our findings are also interesting in light of the multigenomic genetic organisation of AMF.
Phenotypic plasticity has evolved in this AMF population and genetic information appears to
be differentially expressed in contrasting environments. An AMF individual can colonise
different environments or roots of different plant species at the same time (Giovannetti et al.
2004) and high genetic diversity within an individual could also reflect a certain “insurance”:
A heterokaryotic AMF individual can be thought of as a population of genetically diverse
nuclei, and it is possible that genetic information from different nucleotypes may be
differentially expressed in contrasting patches of the habitat. Thus, intra-individual genetic
diversity may reassure growth and functionality of an isolate in contrasting environments and,
therefore, be important for adapting to the local conditions. Natural soils are highly
heterogeneous environments and vary spatially and temporally in nutrient availability, pH,
moisture or the abundance of host roots. Our results suggests that genetically different AMF
of the same species probably also differ in their growth and fitness in different microhabitats
in a natural environment. Thus, environmental heterogeneity possibly plays a crucial role in
maintaining high levels of genetic diversity in AMF populations. Differential fitness in
contrasting patches provides a potential mechanism which could generate a spatially
structured population as observed by several studies (Pringle et al. 2000; Koch et al. 2004;
Stukenbrock & Rosendahl 2005). However, it is still unknown whether environmental
differences could possibly act as a selection pressure within an AMF isolate by altering local
nucleotype frequencies. Genotyping of the fungal material from Experiment 1 and 2 (which is
being done by M. Ehinger, the results of which are not included here) and future experiments
with the in-vitro culture system used in this study may allow the detection of selection on the
genomes of AM fungi.
Many factors affect the way different AMF grow. A recent study found that species diversity
in AMF communities was positively correlated with plant species diversity (Landis et al.
2004). While AMF also promotes floristic diversity (Grime et al. 1987; van der Heijden
1998), diverse plant communities harbour more AMF (Burrows & Pfleger 2002a, b)
suggesting that positive feedbacks in ecosystems could also act as a mechanism to maintain
high AMF and plant species diversity. Clearly, the population and community dynamics of
AMF are complex and influenced by many different factors. Our results suggest, that
mechanisms enhancing AMF species diversity may maintain genetic diversity in AMF
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populations. An important future research topic, therefore, would be to compare the genetic
diversity of populations from rich communities with populations from sites which are poor in
AMF species. To date, however, no study has compared varying levels of species diversity in
AMF communities with the levels of genetic diversity of the populations that make up these
communities.
From this study we conclude that environmental heterogeneity and host species diversity are
likely to be an important factor in determining the (local) fitness of genetically different
isolates. Isolate-by-environment interactions in fitness-related traits could be a means to
maintain high levels of genetic diversity in AMF populations. High genetic variation and
heritable differences in fitness related traits demonstrate the prerequisite for selection. How
different host species and environmental conditions interact with or possibly influence the
genotypes of AMF individuals and the genetic diversity present in natural populations will
give further understanding of AMF population genetics and features of their basic biology.
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Arbuscular mycorrhizal fungi are ubiquitous plant symbionts which have the potential to alter
plant growth as well as ecosystem function. However, to date, still little is known about
questions that concern basic AMF population biology. The main goal of this thesis was to get
an insight at how much genetic diversity there is in an AMF field population and to establish
links between the population genetics and the ecology of the common AMF species G.
intraradices.
Summary of the Findings of Chapters 2 to 4
In Chapter 2, large genetic variation in a field population was documented (Koch et al. 2004).
Because these individuals have been grown for several generations under identical
environmental conditions, it is highly likely that differences in growth traits such as hyphal
length and the number of spores have a genetic basis. We showed that there is heritable
genetic variation in quantitative traits that are related to fungal fitness. High genetic
differentiation among sub-populations (plots), as revealed by an overall FST value of 0.68,
give evidence of a spatial structure in this population. Genetic differentiation, however,
exceeded phenotypic differentiation suggesting selection for a similar phenotype in this AMF
population. Re-sampling analyses showed that a minimum of 5-7 randomly chosen isolates
were needed to cover 90% of the observed genetic and phenotypic diversity. Chapter 3 gave
evidence that the observed genetic differences among isolates cause variation in plant growth;
host plants that formed the symbiosis with different isolates had significantly altered dry
weights in two pot experiments in the greenhouse. Genetically different isolates also altered
the root length of transformed carrot roots in an axenic culture system (Koch et al. 2006) . In
addition, evidence was found that forming the AMF symbioses can also be costly for plants
and the isolates used showed a range of effects, from beneficial to parasitic. The isolate
effects, however, not only depended on the host species but also on the environmental
conditions such as water or nutrient availability. In Chapter 4 strong AMF isolate by host
species (I×HS) interactions with crossing reaction norms were found for fitness related fungal
growth traits. Different isolates also had specifically altered growth when cultured in
environments which differed in phosphate availability. Such interactions effects in fitness
related are likely to be ecologically important because environmental heterogeneity could
enhance a high genetic diversity in AMF field populations.
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Multigenomic AMF: A resolved yet on-going Debate
The last 5 years of AMF research were strongly influenced by a debate about how genetic
variation in AMF individuals is organised (Kuhn et al. 2001; Pawlowska & Taylor 2004). The
genomic organisation of AMF is pertinent to the interpretations and conclusions that can be
drawn from the work in this thesis. The observation of high genetic variation in single AMF
spores has lead to the hypothesis that co-existing nuclei of AMF individuals differ genetically
(Sanders et al. 1995; Sanders et al. 1996). Two studies gave some limited support to the
heterokaryotic nature of AMF (Bentivenga et al. 1997; Bever & Morton 1999). The authors of
these two studies argued that the observed variation in spore morphology could be explained
by changes in nucleotype frequencies of genetically different co-existing nuclei. Direct
experimental evidence corroborated the view that AMF individuals indeed contain genetically
divergent nuclei, i.e. multiple genomes (Kuhn et al. 2001). Pawlowska and Taylor (2004)
proposed, instead, that a lack of segregation of different POL-like variants in single Glomus
etunicatum spores gave evidence of homokaryotic individuals and high ploidy. Contrary to
this claim, the low copy number of POL per nucleus in this AMF species meant that the
variants must be located on different nuclei which, therefore, also supported the
heterokaryosis hypothesis (Hijri & Sanders 2005). In addition, two other AMF, G.
intraradices, a species related to G. etunicatum, and Scutellospora castanea were both shown
to be haploid; while the nuclear DNA content of the former is small with about 16Mb, the
genome size of the latter is about 50 times larger (Hijri & Sanders 2004, 2005). Even though
the levels of ploidy for other AMF species are still unknown, it is rather unlikely that the vast
majority of AMF species would actually be highly polyploid.
Other experiments, that are not part of this work, were performed with some of the same
isolates used in the Chapters 2-4 of this thesis. The results of these studies, which are not yet
published also influence the interpretation of my data in this thesis. Ehinger et al. (in
preparation) found molecular evidence that sister spores the same isolate differ genetically
indicating that genetically different nuclei segregated into different spores (Ehinger et al. in
preparation). In addition, 9 out of 10 pairs of 5 genetically different isolates (A4, B3, C2, C3,
and D1) formed pairwise functional anastomoses and 13 out of total of 14 single progeny
spores picked from plates which were co-inoculated with genetically different isolates (two
pairings: C2-C3 and C3-D1, respectively) have inherited genetic information (specific AFLP
bands) bi-parentally (Ehinger et al. in preparation). The results of Ehinger et al. (in
preparation) suggest that sister spores of the same AMF individual receive different subsets of
genetically different nuclei. Ehinger et al. (in preparation) also show that genetically different
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isolates, as determined in Chapter 2 of this thesis (Koch et al. 2004), exchanged genetic
information. If the observed genetic exchange is indeed due to a re-mixing of different
nucleotypes these findings would suggest that AMF are not strictly asexual but rather para-
sexual organisms. It would also indicate that some of the observed genetic differences among
isolates, as shown in Chapter 2, are likely to be due to segregation of genetically different
nuclei. This means that the potential genetic exchange among different parts of the hyphal
network was not strong enough to “homogenise” the population. However, the experiments of
Ehinger et al. (in preparation) were all performed in an axenic culture system (Becard &
Fortin 1988) or with spores that that were cultured in this system for several years under
identical conditions. Natural soils are heterogeneous in respect to edaphic factors such as soil
moisture, nutrient availability, pH, texture or the spatial distribution of host roots. It is still
unknown whether genetically different isolates also anastomose (or possibly exchange genetic
information) under field conditions. Given that AMF hyphal densities in soils can be very
high the findings of Ehinger et al. (in preparation) suggest, nonetheless, that genetic exchange
among different parts of the mycelium could occur. It also indicates that genotype evolution
of AMF may be much more dynamic than previously thought and that at least in this AMF
populations, these isolates do not appear to be genetically isolated nor having co-existed or
co-evolved independently from each other.
What is an AMF Individual or Species?
The levels of genetic diversity observed in this G. intraradices population (Koch et al. 2004)
suggest that a single spore isolate may just represent a subsample of local nucleotypes.
However, these G. intraradices isolates, once taken into the axenic culture system, indeed
appeared to have similar genotypes over time and not having undergone rapid genetic
changes. This indicates, that once a set of nuclei form a functional AMF (i.e. a viable spore
able to germinate and form a symbiosis with plants) that the relative nucleotype frequencies
are rather stable over time suggesting that mechanisms could have evolved which balance the
replication rates of different nucleotypes. This would facilitate the co-existence of genetically
divergent nuclei and maintain existing levels of genetic diversity. Throughout this work, we
defined a single spore isolate (and its clonal offspring) as an individual, mainly because it
forms the smallest easily identifiable unit which can reproduce. In light of the findings of
Ehinger et al.(in preparation) this definition is still valid, but should be treated with care. It
simply is a help to identify the origin of fungal material and should not be regarded as a
necessarily separate genetic unit that evolves independently of other isolates.
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Morphological spore characteristics and ribosomal gene sequences are, to date, the accepted
standard to identify different AMF (morpho-)species. However, these methods are unsuited to
discriminate among closely related AMF such as the G. intraradices isolates used in the
present study. There exist many different species definitions and it is especially difficult to
classify asexual organisms which do not exchange any genetic information. By definition, an
asexual organism no longer recombines or interbreeds with other closely related organisms
(Judson & Normark 1996). Thus, the biological species concept (as outlined below) does not
apply and alternative criteria have to be applied. Such criteria are often conventions which are
“generally accepted” by specialists and taxonomists, for instance the degree of morphological
or genetic similarity or the phylogentic distance. In the case of AMF, anastomosis
experiments have shown that sister spores of the same isolate frequently anastomosed
(Giovannetti et al. 2001) but that different G. mossae isolates originating from geographic
distant locations never anastomosed (Giovannetti et al. 2003). This could have been due to the
fact that the isolates had not been kept under identical conditions for long enough and that
environmental maternal effects somehow prevented a “self”-recognition. Alternatively, these
isolates may have genetically diverged past the point where they could still recognise one
another as “self” any more. If this case, these isolates could represent different cryptic
species, at least according to the “biological species concept” which requires that
interbreeding among populations is possible (Dobzhansky 1937; Mayr 1942). Thus, there may
be an analogy of “interbreeding” in the classical sense and the formation of functional
anastomoses and exchange of genetic information or nuclei among isolates in AMF.
Accordingly, the results of Ehinger et al. (in preparation) clearly show that these G.
intraradices isolates are of the same species because genetically different individuals
exchanged genetic information. Thus, whether or not two AMF individuals can anastomose or
exchange genetic information could be an additional approach in discriminating different
“biological” species. However, traditional AMF species identification tools will remain useful
and important for researchers interested in AMF species distributions, the analysis of AMF
communities or phylogenetic relationships of AMF.
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Ecological Aspects
Most plant species form a symbiosis with AMF, and this is frequently considered as a
mutualistic symbiosis. Mutualism is best viewed as a reciprocal exploitation that provides net
benefits for both symbionts (Herre et al. 1999; Bronstein 2001). As obligate biotrophs AMF
depend on the symbiosis to grow and reproduce while most plants are autotrophs. Thus the
AMF have to form the symbiosis while for autotrophic plants it is facultative. However, many
plants are AMF dependent in their natural habitat and benefit from forming the symbioses
because of an increased growth and nutrient capture. Forming the symbiosis also can bear net
costs for the plants, as shown in Chapters 3 and 4 of this work. Despite increasing costs in the
in-vitro system, AMF growth persisted which indicates that the plant was not fully controlling
the symbiosis. While in Chapter 3 isolates with a high hyphal production reduced root growth
under low sucrose availability, fast growing isolates increased root growth in the treatment of
lowest phosphate availability in Chapter 4. It would be interesting to set up an experiment
where sucrose and phosphate availability would be both reduced simultaneously to further
investigate if and how shortage of different nutrient resources interact or influence potential
costs and benefits of the two symbionts.
The results of this work also support previous findings that the net outcome of the symbiosis
strongly depends on the environmental conditions as well as the host and AMF species
studied (Peng et al. 1993; Al-Karaki 1998; van der Heijden et al. 1998b; Klironomos 2003).
Our findings here, however, are new because they show that genetic differences among
isolates from the same population also influence plant growth traits. If a plant species forming
the AMF symbiosis had net costs over many generations it may be out-competed or could be
expected to evolve towards a new form which maintains more control over the symbioses.
This may explain the existence of many non-mycorrhizal plant species. However, many plants
frequently obtain no measurable growth benefits or appear to be exploited by AMF (Francis
& Read 1995; Graham et al. 1997; Johnson et al. 1997; Jifon et al. 2002; Kytöviita et al.
2003). This could mean that many mycorrhizal plants do, despite short-term costs, have long-
term benefits. However, such interpretations are highly speculative, because many different
AMF species can colonise the roots of mycorrhizal plant individuals. This makes the plant-
AMF symbiosis an interaction of multiple players and the system extremely complex because
of the many possible interactions. The sum of costs and benefits for each root-colonising
AMF strain as well as the effects of other micro-organism and pathogens determines whether
overall a plant has a net cost or benefit. Furthermore, fertilisation can result in community
changes where less mutualistic AMF have increased in frequency (Johnson 1993). Thus,
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different AMF species are also in competition of the same resource, i.e. the photosynthates
offered by host plant roots, and environmental differences can differentially affect different
AMF species.
Many studies have shown, that AMF species differ in their growth and have differential
growth effects on different host species (Streitwolf-Engel et al. 1997; van der Heijden et al.
1998a). However, most of these studies where performed as pot experiments in the
greenhouse with one AMF isolate and one host species per pot. Thus they only represent
potential AMF species effects because it is still unknown whether intraspecific variation is
indeed lower than variation among representative single isolates of different AMF species. In
Chapters 2 to 4 of this work, I showed that genetically different isolates from one field
population differ in their clonal growth and cause variation in plant growth. This suggests,
that AMF species richness is not the only ecologically relevant parameter. Genetic diversity
within AMF populations should also be considered because this may be of crucial importance
for adaptation, survival and persistence of AMF in variable or unpredictable environments.
Most AMF species are believed to have a wide host range and may be considered as
generalists. However, under more realistic growth conditions, where different AMF species
may co-exist but also compete with each other, certain host specificity or preference may be
observed (Husband et al. 2002b; Vandenkoornhuyse et al. 2002; Vandenkoornhuyse et al.
2003). While AMF can increase floristic diversity (Grime et al. 1987; van der Heijden et al.
1998b) the plant species composition alters or correlates with the AMF species diversity
(Burrows & Pfleger 2002a, b; Johnson et al. 2004; Landis et al. 2004). These findings suggest
that positive feedback may enhance high species diversity of both plants and AMF. However,
to date, no study has addressed the question how genetic diversity is maintained within AMF
populations. The findings of Chapters 3 and 4 of the present work suggest that similar
mechanism could enhance maintenance of genetic diversity at the population and the
community level. The results of Koch et al. (in press) (Chapter 3) show that genetically
different G. intraradices isolates significantly alter plant growth. Together with the finding of
strong AMF isolate by host species interactions for fitness related growth traits of AMF
(Chapter 4) this indicates that the fitness of genetic different isolate also depend on the
environment. This shows the potential ecological importance of high genetic diversity in an
AMF population. It suggests that in a heterogeneous environments different combinations of
nucleotypes may locally be favoured thereby maintaining high genetic diversity.
The results from Chapter 4 suggest, that the spatial distribution of different host plant species,
differences in local nutrient availability may well be responsible for the maintenance of a
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spatially structured population. Any biotic or abiotic difference among environments could
potentially lead to non-homogeneous nucleotype distribution in AMF populations. Several
studies have found evidence for spatially structured AMF populations (Bever & Morton 1999;
Pringle et al. 2000; Koch et al. 2004; Stukenbrock & Rosendahl 2005). In the G. intraradices
population studied by Koch et al. (2004) (Chapter 2) this finding might be surprising by
hindsight given that most of these individuals potentially could exchange genetic information
(Ehinger et al. in preparation). This could mean that the local selection for certain nucleotypes
may be stronger than the expected homogenising effect of migrating nucleotypes in a
potentially interconnected hyphal network. Another, non-exclusive possibility is that not all
nucleotypes are compatible with each other and the spatial population structure is a means to
avoid potential genetic conflicts among different nucleotypes. The finding, that genetically
different isolates can exchange genetic information also shows that the genetics of AMF may
to be quite dynamic and the potential reshuffling of genetically different nuclei could allow a
certain genetic plasticity. This may be a key factor why most AMF are “generalist” being able
to grow in many contrasting environments and ecosystems. It will be interesting to find out
more about the ecological and evolutionary implications of this finding.
How could Selection act in multigenomic Organisms such as AMF?
In light of the heterokaryotic genetic organisation of AMF it is clear that any genetic change
will alter nucleotype frequencies. New mutations or recombination events create new, initially
probably rare, nucleotypes. The relative frequency of certain nucleotypes in an AMF will be a
result of the relative importance of the evolutionary forces. Selection could potentially alter
nucleotype frequencies. However, whether and how this occurs is still unknown. It is also
unclear at what stages of the AMF life-cycle selection may act because this probably depends
on the nature of the genetic differences among co-occurring nucleotypes. The observed
genetic differences among isolates do no appear to be entirely neutral, because genetic
polymorphisms were detected among genetically different isolates in coding regions of the
genome (N. Corradi and D. Croll, personal communication). Furthermore, genetic distinct
isolates differ in fitness-related grow traits and can cause differences in plant growth (Koch et
al. in press). This shows that some of the genetic variation in this G. intraradices population
is ecologically important and related to traits which are likely to be under strong selection.
The segregation of different subsets of nucleotypes into new spores potentially results in a
loss of genetic information (Ehinger et al. in preparation). Anastomoses among hyphae of the
same or different AMF individual could, therefore, be an effective mechanism to slow down
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this process and contribute to the maintenance of genetic diversity within AMF individuals or
populations (Bever & Wang 2005; Ehinger et al. in preparation). However, if selectively non-
neutral polymorphisms occur among co-existing nuclei, selection could affect the local
distribution of different nuclei in a hyphal network. In this thesis, it was demonstrated that the
prerequisites for selection are met in the studied G. intraradices population. Differential
growth of genetically different isolates suggest that selection could, at least locally, favour
certain nucleotypes thereby creating a heterogeneous nucleotype distribution in the
population. In a heterokaryotic hyphal network there are several possibilities how selection
could affect nucleotype frequencies. Nucleotype frequencies may be altered locally (or in the
whole population) if selection for certain nucleotypes is stronger than the potential
“immigration” or “diffusion”of nuclei through a potentially interconnected cytoplasm from
genetically different parts of a common hyphal network. It is also possible that different
environments differentially alter the replication rates of nucleotypes or that in a heterogeneous
environment genetically different isolates no longer anastomose. Thus, despite potential
genetic exchange and migration of nuclei, differential local selection in a heterogeneous
environment could lead to a genetically and functionally heterogeneous hyphal network.
Another potential problem for the genetic integrity could be selfishly replicating nuclei
(“cheaters”). Such elements could also be passed on to the next generation and lead to severe
genetic conflicts which could destabilise the physiological integrity of the AMF fungus.
Selection could possibly “purge” by favouring highly functional and well reproducing parts of
the fungal network. As an example, selection could act on single spores: Spores which contain
only poorly adapted nuclei may simply not germinate. Thus, selection for “functionality” may
be a simple, but effective mechanism enhancing genetic and functional integrity. In an
alternative scenario, any nucleotype may have lost some essential gene functions because of
deleterious mutations, and its genome would not contain all information necessary to build up
a functional hyphal network. Then different co-occurring nucleotypes would complement
each to build up a complete functional organism and frequency dependent selection could be
expected to maintain a functional heterokaryotic genome within AMF individuals.
Future studies should further investigate the relative importance of the different evolutionary
forces in multigenomic AMF, in particular the potential for selection in contrasting
environments and the strength of nuclear segregation. Selection could be further analysed by
exposing progeny of genetically admixed single spore isolates (from the crosses of genetically
distinct isolates) to different environments. Subsequent genetic analysis would potentially
allow to directly analyse the frequencies of genetic markers which are specific for either of
the two parental strains.
86
Summary
This work revealed that large genetic and phenotypic variation exists in a field population of
G. intraradices. Differences in fitness-related growth traits among isolates indicate that some
of the observed genetic variation is not selectively neutral. Genetic differences among isolates
also cause variation in plant growth. This shows that part of the observed genetic
differentiation among isolates is potentially of ecological importance. The fitness-related
growth traits of genetically different isolates were significantly altered in contrasting
environments. This suggests that in a heterogeneous environment selection could locally
favour different AMF genotypes thereby maintaining high genetic diversity in the population.
The genetic exchange among nuclei described by Ehinger et al. (in preparation) may also be a
means to create a great number of genetically varied offspring because a potentially huge
number of combinations of different nucleotypes could exist. This could play an important
role when the fungi have to adapt to new environments. The current work, together with the
findings of Ehinger et al.(in preparation), provides new insight into the population genetics of
these frequent plant symbionts. The results suggest, that the heterokaryotic organisation of
AMF is ecologically and evolutionarily important. The long evolutionary history and
abundance of AMF give evidence of a remarkable persistence and success of these plant
symbionts.
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Abstract
Arbuscular mycorrhizal fungi (AMF) have co-evolved with land plants for over 400 million
years. Today, AMF form symbioses with roots of most land plants and are ecologically
important because they alter plant growth and affect plant diversity. AMF are obligate
biotrophs, obtaining their energy in form of plant-derived photosynthates. In return, they
supply their host plants with phosphorous. These fungi grow and reproduce clonally by
hyphae and spores. They are coenocytic and multigenomic, harbouring genetically different
nuclei in a common cytoplasm. Many studies have shown different AMF species
differentially alter plant growth. Despite the increasing awareness of intraspecific variability
the question whether there is any genetic variation among different individuals of the same
population has been largely neglected.
In Chapter 2, we investigated whether there is genetic diversity in a field population of the
AMF G. intraradices. This work revealed that large genetic and heritable phenotypic
variation exists in this AMF population. Differences in fitness-related growth traits among
isolates suggest that some of the observed genetic variation is not selectively neutral. In
Chapter 3, we show that genetic differences among isolates from the same population also
cause variation in plant growth. The isolate effects on plant growth depended on the
environmental conditions and varied from beneficial to detrimental. In Chapter 4, fitness-
related growth traits of genetically different isolates were significantly altered in contrasting
environments. we detected strong AMF isolate by host species interactions which suggests
that in a heterogeneous environment selection could locally favour different AMF genotypes,
thereby maintaining high genetic diversity in the population.
The results of this work contribute to the understanding of the ecological importance of
intraspecific diversity in AMF. The possibility of culturing individuals of an AMF field
population under laboratory condition gave new insights into AMF genetics and lays a
foundation for future studies to analyse the evolutionary significance of intraspecific genetic
diversity in AMF.
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Résumé
Les champignons endomycorhiziens arbusculaires (CEA) ont co-évolué avec les plantes
terrestres depuis plus de 400 millions d’années. De nos jours, les CEA forment une symbiose
avec les racines de la majorité des plantes terrestres. Les CEA sont écologiquement
importants parce qu’ils influencent non seulement la croissance des plantes, mais aussi leur
diversité. Les CEA sont des biotrophes obligatoires qui reçoivent leur énergie sous forme de
glucides issus de la photosynthèse des plantes. En contrepartie, les CEA apportent à leurs
hôtes du phospore. Les CEA croissent et se reproduisent clonalement en formant des hyphes
et des spores. De plus, les CEA sont coenocytiques et multigénomiques; le cytoplasme d’un
CEA contient des noyeaux génétiquement différents. De nombreuses études ont démontré que
différentes espèces de CEA agissent différentiellement sur la croissance des plantes. Malgré
une conscience de plus en plus forte de l’existence d’une variabilité intraspécifique, la
question de savoir si les populations de CEA sont génétiquement variables a été largement
négligée.
Dans le Chapitre 2, j’ai cherché à savoir si une population de CEA provenant d’un seul champ
possède une diversité génétique. Cette étude a mis en évidence une importante variation
génétique et phénotypique au sein d’individus de la même population. Des différences au
niveau de traits de croissance, héritables et liés à la valeur sélective, indiquent que la variation
génétique observée entre isolats n’est pas entièrement neutre. Dans le Chapitre 3, je montre
que les différences génétiques entre isolats de CEA d’une population provoquent de la
variation dans la croissance des plantes. L’effet des isolats dépend des conditions
environnementales et varie de bénéfique à parasitique. Dans le Chapitre 4, je montre que des
traits de croissance de CEA varient significativement dans des environnements contrastés. J’ai
détecté de fortes interactions entre différents génotypes de CEA et différentes espèces de
plantes. Ceci suggère que dans un environnement hétérogène, la sélection pourrait localement
favoriser différents génotypes de CEA, maintenant ainsi la divérsité génétique dans la
population.
Les résultats de ce travail aident à mieux comprendre l’importance écologique de la variation
intraspécifique des CEA. La possibilité de pouvoir cultiver des individus d’une population de
CEA au laboratoire nous a permis une meilleure compréhension de la génétique de ces
champignons. De plus, ce travail est une base pour de futures expériences visant à
comprendre l’importance évolutive de la diversité intraspécifique des CEA.
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